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Abstract
The contribution by the water table to crop water use was evaluated in the
absence of surface water application from lysimetric studies in a glassliouse during
1988, 1989 and 1990. The water table contribution was measured for beans, barley
and lettuce in the presence of constant water tables 60, 90 and 120 cm deep. The
water table contributed to about 27.0, 16.4 and 11.4% of evapotranspiration of
barley with water tables 60, 90 and 120 cm deep, respectively. The contribution
in lettuce was found to be 34.7, 13.5 and 6.0% for the 60, 90 and 120 cm water
tables, respectively. The water table could not contribute to the evapotranspiration
of beans because the initial soil moisture suction profile was not in equilibrium,
and there was always a zero-flux plane above the water table.
Capillary upward flux from the water table was also measured using Darcy's
equation and by direct measurement. For this, unsaturated hydraulic conductivity
was determined in the laboratory from diffusivity over a wide range of moisture
content. Conductivity values were also evaluated in situ using Darcy's equation.
In situ and laboratory conductivity values were well fitted by Gardner's (1958)
conductivity function but not by that of Rijtema (1965).
Root water uptake was evaluated using the extraction-term approach. A very
small proportion of roots near the water table was absorbing water from the cap-
illary fringe iii the case of a deep-rooted crop (barley) for all water table depths.
Lettuce, a shal1ow-rootd crop, was absorbing water from the water table although
roots were confined to the top 5 cm depth for all water table depths.
A simulation model (CAPROW) was developed to account for capillary rise
from constant water tables. The model can also predict soil moisture content, root
water uptake and inflow to roots provided soil physical parameters and relevent
data are known.
11
Parameters needed to run the model were determined from the bean experi-
ment with the water table at 60 cm depth. CAPROW was used to simulate results
for water tables at 90 and 120 cm under three different crops.
Model predictions of soil moisture contents at harvest agreed well with the
measured values. The predicted cumulative upward flux in barley and lettuce under
two different water table treatments agreed closely with the measured values. The
contribution by the water table to water use by barley was found to be 16.4 and
11.4% for 90 and 120 cm water table depths, respectively. Corresponding simulated
values were 15.5 and 10.4%. For lettuce, measured contributions from the water
table to evapotranspiration were 13.5 and 6.0%. Corresponding simulated values
were 15.7 and 6.7%.
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Chapter I
STATEMENT OF PROBLEM
1.1 General:Water Demand by Plants
All plant growth depends upon a supply of water, and normally the need
is satisfied through roots that extract water from the soil in which the plants
grow. Often water availability is a major control to plant growth in both ecological
and physiological contexts. Water in soil fulfils the demand of the plant in three
different major ways.
• First,water transpired through plant leaves and evaporated from soil maintains
a balance with the atmospheric demand. Otherwise, normal plant growth is
stunted.
• Second, it is a major constituent of plant protoplasm, sometimes making up
as much as 95% of the total weight of the plant. Most organic substances in
protoplasm, including carbohydrates, proteins and nucleic acids are hydrated
in their natural state and removal of water adversely affects their physical
and chemical properties. When protoplasm is dehydrated it stops activity
and below a certain water content it is killed. Amongst the processes directly
affected by dehydration is photosynthesis, where water takes part in a number
of chemical reactions.
• Third, nutrients can be obtained from the soil by the plant only in aqueous
solution. Water acts as a solvent in which minerals and other solutes enter
plant cells and move from cell to cell and organ to organ. The permeability of
most cell walls and membranes to water results in a continuous liquid phase
extending throughout the plant in which translocation of solutes of all kinds
occurs.
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1.1.1 Evapotranspiraton
Evapotranspiration (B), a combined term for the evaporation of water from
soil or plant surfaces and transpiration from plant leaves, is a complex of inter-
actions between soil, plant and the atmosphere. Plants transpire over 90% of the
extracted water from the soil to satisfy the atmospheric demand. The occurrence
of evaporation or transpiration requires three conditions to be satisfied.
• First, the evaporating surface must have a supply of water.
• Second, there should be a source of energy to vaporise water.
• Third, a mechanism should be available to transfer the vapour away from the
surface.
Soil pores in the root zone act as a reservoir of water and the energy is supplied
by the ultimate source, the sun. The transfer mechanism consists of molecular and
turbulent diffusion processes. For evaporation from the soil, the vaporization of
water takes place at the soil surface. Where a water table occurs close to the sur-
face, continual flow may take place from the capillary fringe (a region of saturation
or near saturation above the water table, frequently referred to imprecisely as the
capillary fringe) underneath depending on whether the surface soil is saturated or
not. But for transpiration, the conversion of liquid water to vapour phase takes
place at the wails of the mesophyll and epidermal cells of leaves. The mechanics
of water supply to these surfaces at which vaporization occurs, therefore, forms an
important part of evapotranspiration process.
1.1.2 Photosynthesis
Photosynthesis is a process where carbon dioxide, after reacting with water in
the presence of sunlight, is converted into carbohydrates by the chioroplasts. The
basic reaction of this photosynthetic process can be summarized as:
6CO2
 + 6112 0 + (energy) -p 602 + C6 H12 06 .	 (1.1)
2
When the reduced carbon atoms in the sugars i.e. carbohydrates, are oxidized
during respiration, energy is released and water is again formed as follows:
C6 H12 05 + 602 -p 6CO2 + 6112 0 + (energy).	 (1.2)
It is apparent from these two equations that the water in plant cells is an
essential metabolic intermediate in the same way as are nitrogen, phosphorus or
potassium.
Photosynthetic tissues contain water sometimes making up as much as 95%
of the total weight of plant. A very small portion of this water (0.2%) is used
in photosynthesis and the rest is retained in the plant for transpiration. Slatyer
(1967) pointed out that the rate at which stress is applied will affect the response
in respiration rate. Chang (1968) stated that the rate of photosynthesis declines
noticeably after a reduction of approximately 30% in the water content of leaves
and ceases when 60% of leaf moisture is lost.
1.1.3 Nutrient Transport
The absorption of mineral nutrients is as important as the absorption of water.
But the uptake of nutrients from the soil and then their translocation to different
organs of the plant is not possible without the presence of water.
There are two different processes whereby nutrients are transferred from the
bulk of soil to the root surface. These processes are mass flow (convection) and
diffusion. Mass flow occurs because water is absorbed by roots to meet the loss
by transpiration from the shoot; as the water moves to the roots so dissolved ions
are also carried to the root surface. Diffusion occurs when ions move along a
concentration gradient established between the root surface and the body of soil;
ions diffuse towards the root if they are taken up faster than they are carried to
the surface by mass flow and away from the root if the converse pertains.
1.2 Sources of Water Supply to Plants
The evaporative demand of the atmosphere can be met by water from different
sources e.g. precipitation, irrigation, soil water store and groundwater. Different
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sources of water that fulfil crop water need can be well understood if the soil-water-
plant atmosphere system is considered as shown in Fig.1.1 (Nomenclature in Table
1.1).
Precipitation may be of different forms e.g. solid(snow) and liquid. Its dis-
tribution is not uniform for each and every location. Various factors influence its
distribution, frequency, amount and depth. This is the main source of water for the
soil-water-plant atmosphere system. The average annual rainfall and its average
seasonal distribution are first indicators of possible water availability.
Rainfall, after its interception by foliage and infiltration by the soil, contributes
to soil moisture storage in the unsaturated zone of the soil. Water storage capacity
is the maximal amount of water that soil can retain after gravitational water drains
off naturally under field conditions when wetted from above and evaporation is
absent. Again, depending on the soil moisture storage capacity, there is interfiow
and deep percolation to the water table for groundwater storage. Irrigation is
practised in situations where the rainfall and the available stored water in the soils
fail to meet the water requirements of the crops.
1.3 Transfer Process from Storage to Plant Roots
The transfer of water from storage occurs when there is a gradient of water
potential from the soil surrounding the root to the root xylem. The rate at which
water transport occurs depends on the magnitude of the gradient in water potential
and the resistance to water flow in the soil and the roots. Resistance to water
movement in the soil depends mainly on the hydraulic conductivity. Resistance in
roots depends mainly on the degree of suberization and the physical condition of
the protoplasm and its resistance to water movement. Again the physical condition
of the protoplasm depends on factors such as aeration and temperature.
The transport of water from the soil to the plant is not an independent process
but is related to and largely controlled by the rate of water loss in transpiration, at
least when water is readily available to the roots. Water movement through plants
from soil to air is regarded as a series of linked processes in which the overall rate is
controlled by the stage at which the greatest resistance to water movement occurs.
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As long as the plant does not wilt, and as long as the influx of radiation and
heat to the canopy results in change of phase only, it is possible to assume steady
flow through the plant. Since van den Honert (1948 ) it has been popular to use
resistance analogues to describe the steady-state fluxes in the soil-plant-atmosphere
continuum (SPAC) in the form:
E -	
= ___	 -L3 = -L4	 (1.3)
R1	R2	 R3	 R4
where
E = transpiration rate,
L44 = potential drop in the soil towards the roots, the soil and
root xylem, root xylem to the leaves, leaves and atmosphere, respectively, and
R1 , R2 , R3 , R4= resistances in soil, root, xylem, and leaves, respectively.
Experimental and theoretical studies of soil moisture extraction by roots (Molz,
1976; Nimah and Hanks, 1973; Reicosky and Ritchie, 1976) suggest that different
resistance terms can be important: the root resistance term most probably tend-
ing to predominate in wet soils with high hydraulic conductivity, and the soil's
hydraulic resistance tending to gain importance as the extraction process contin-
ues and causes progressive depletion of soil moisture.
1.4 Groundwater Contribution to Crop Water Demand
At the beginning of the cropping season, the process of evaporation will pre-
dominate and this will reduce soil wetness and thus increase the matric suction
at the surface. This, in turn, will generally cause soil water to be drawn upward
from the layers beneath which have been wetted by the capillary fringe from the
water table. At a later stage, transpiration will predominate and the soil will dry
because water will be taken up by roots. As the surface layers have become drier
from the initial evaporation process, so the crop roots will penetrate lower layers
to extract water for its demand. Sometimes, when there is a shallow water table,
the roots of deep-rooted crops approach the water table.
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1.4.1 Groundwater through Capillary Fringe to Roots
In the presence of a water table, water uptake is not necessarily related to root
distribution, and a small quantity of roots near the capillary fringe can absorb
most of the water (Reicosky et al. 1972). But "single root" models (e.g. Molz,
1975) suggest that dimensions and density of roots are important.
The uptake of water required to meet crop water demand can be limited by
factors in the soil, as well as in the plant. It is well known that soil hydraulic
conductivity decreases as water content decreases, but few data are available on
the actual magnitude of its effect on water uptake by plant roots. Unsaturated
hydraulic conductivity is one of the major limiting factofs in water uptake by plant
roots (Reicosky et al., 1972). The amount of water absorbed from the upper part
of the soil is negligible compared with that absorbed from lower layers. There-
fore, downward root growth becomes important for transporting water from the
capillary fringe to roots.
1.4.2 Groundwater through Capillary Fringe to Surface
When a water table occurs close to the surface, upward flow may occur from
the saturated zone or capillary fringe through the unsaturated soil to the surface.
If this flow is more or less steady, continued flow caused by evapotransporation can
occur without materially changing the soil moisture content. The steady rate of
capillary rise depends on the depth. of the water table and on the suction at the soil
surface (Gardner, 1958) in the absence of a crop. This suction is dictated largely by
the external conditions, since the greater the atmospheric evaporativity, the greater
the suction at the soil surface upon which the atmosphere is acting. The suction at
the soil surface can become very large. But the increase in flux in the soil depends
on the depth of the water table. Even the driest and most evaporative atmosphere
cannot steadily extract water any faster than the soil profile can transmit. The
maximal transmitting ability of the profile depends on the hydraulic conductivity
of the soil in relation to the suction (Marshall and Holmes, 1988; Hillel, 1980).
As the water table goes deeper and the suction at the soil surface increases,
the evapotranspiration rate approaches a limiting value regardless of how high the
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external evaporativity may be (Gardner, 1958; Hillel, 1980). In that case crop will
be under moisture stress and need irrigation (Hillel, 1980).
1.5 Problem to be Investigated
A shallow water table contributes significantly to the evaporative demand of
crops. Several reports (Misra et al., 1969; Modgal et aL, 1968; Sharma and Singli,
1971) suggest that crops responded very little to irrigation mainly because of the
shallow water table in the experimental area.
Successful exploitation of the water table depends on several factors that in-
clude water table depth, soil water retention and transmission prpperties, evapo-
transpiration demand and plant root sysytem (Rijterna, 1959; Van Bavel et al.,
1968; Raats and Gardner, 1974; van Bakel, 1981). Even if the water table is at
120 to 150 cm depth, a crop may not need irrigation (Torres and Hanks, 1989).
Again for exploiting the water table, it is necessary to consider the quality of
water. In areas of shallow water table of good quality, crops can extract water
directly from capillary fringe which thus meets the crop water demand. In saline
soils, the upward flux from shallow water tables may transport salt to the soil
surface. Under arid conditions, where saline soils may exist, the groundwater
contribution could lead to an accumulation of salts in the root zone. It is therefore
necessary to maintain a deeper water table (Taisma, 1963; Kovda et al., 1973) so
that crop growth is not restricted due to salinity.
So the capillary rise from the water table, in terms of quantity and quality,
is an important phenomenon in water table management schemes. Fluctuations
of the water table and ground water storage are partly due to the upward flux.
Again some soil water models need to know the capillary rise from the water table
to determine the amount of water leaving the groundwater to satisfy crop water
demand and transport of salt to the soil surface (Gardner, 1958; Hillel, 1980;
Marshall and Holmes, 1988).
Bearing in mind the above facts, I conducted the study with the following
objectives:
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1. To determine the amount of groundwater contributing to the evaporative
demand of shallow, medium and deep-rooted crops through the capillary
fringe from constant, shallow water tables.
i 2. To devise a method for calculating the upward flux.
3. To investigate the differences of root penetration for differing water table
depths.
4. To devise a simulation model of capillary rise including water uptake by the
roots for the optimal management of the water table to crop production.
5. To apply the model in 4 to predict what might happen with other water
table depths in the same soil and crops, and other crops, where root demand
might be different.
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Chapter II
BACKGROUND AND LITERATURE SURVEY
2.1 Unsaturated Flow
2.1.1 Soil Moisture Characteristics
The relationship between matric potential (iJ' ) and water content 9 is called a
soil moisture characteristic or moisture release curve, O(b), (Childs, 1940).
The determination of the soil moisture characteristic is a routine procedure. In
addition to having a practical value in the tensiometric measurement and control
of soil water, its utility is recognised in the mathematical description of transient
water flow problems (Richards et al., 1956).
The existence of hysteresis or nonsingularity between the drying and wetting
characteristics has been discussed by Haines (1930) and Richards (1931). Hys-
teresis has been the subject of many investigators, e.g. Youngs (1960) and Poulo-
vassiis (1962). But a single characteristic curve which can describe the whole
phenomenon (drying and wetting simultaneously) has neither been shown nor in-
vestigated (Youngs, 1960; Poulovassilis, 1962).
Hysteresis in many models is ignored because insufficient data are available to
take it into account. There are some empirical models (Gillham et al., 1976; Hoa
et al., 1977) in which it is assumed that scanning curves in the 6(b) relation
be scaled from the main hysteresis ioop. But these are not as acceptable as the
theoretical models (Poulovassilis, 1962; Topp, 1971; Kool and Parker, 1987) which
are based on the domain theory of capillary hysteresis. In the case of a drying
cycle, one uses the desorption curve G(b) with no consideration of the hysteresis
effect (Marshall and Holmes, 1988).
The desorption soil moisture characteristic, 9(b) is usually obtained by starting
with initially saturated soil and removing water until a desired matric potential is
reached. There are several methods of determining 6(&) relations (Klute, 1986).
11
The static availability of soil water to the plant roots is determined by the
potential of soil water in the boundary layer closely surrounding the roots. The
methods useful in determining soil water potential are tensiometer, moisture block
and thermocouple psychrometer (Slavik, 1974).
Several authors (Jamison and Kroth, 1958; Bartelli and Peters, 1959; Lund,
1959; Salter et al., 1966; Shaykewicli and Zwarich, 1968; Gupta and Larson, 1979)
have reported empirical relationships between soil texture and water content on soil
moisture characteristics. Visser (1969a) reported there are very few quantitative
studies on soil properties related to the form of the soil moisture characteristic.
Several empirical models have been proposed for the soil moisture characteristic
curve, and one of them (Cowan, 1965) is the simple logarithmic function (Equation
2.1) which describes only a limited range of 9, not the entire range.
ln('çb) = l+mO	 (2.1)
where
= the water potential,
9 volumetric water content, and
1, m = parameters for a given soil.
McQueen and Miller (1974) and many others have provided good evidence that
this function can yield a useful description of the draining soil moisture character-
istics, the 9(çb) function.
Visser (1969b), Gardner et al. (1970), Rogowski (1971), Jacobsen (1973), and
Clapp and Hornberger (1978), however, have illustrated that the power function
p9q
 is a useful model for the soils they examined. Clapp and Hornberger
(1978) suggested that the exponent q was dependent on texture.
Williams et al. (1983) reported a small error of prediction in using Equation
(2.1) for the soil moisture characteristic compared to direct laboratory determina-
tion. The standard error of the mean for the actual estimate of moisture content
ranged from ±0.009 to ±0.029.
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2.1.2 Determination of Unsaturated Hydraulic Conductivity
Application of soil water flow theory to many practical problems requires es-
timates or measurements of hydraulic conductivity or soil water diffusivity for
unsaturated soil over the water content range of interest (Green et al., 1986).
While soil moisture content and hydraulic conductivity are crucial parameters for
determining soil water flow, their theoretical description and measurement remain
a continuous and sometimes difficult challange for many workers (Sposito, 1986).
Numerous methods have been developed to evaluate soil hydraulic properties using
both laboratory and field methods (Kiute, 1972; Ragab et al., 1981; Bouma, 1983;
Alexander and Skaggs, 1986; hillel and Benyamini, 1973).
2.1.2.1 Laboratory Methods
(a) Steady-state Head Control Method- In the steady-state method (Kiute and
Dirksen, 1986) of determining K(9), a time-invariant, one-dimensional flow of the
liquid phase is established in a soil sample at a given water content. The volumetric
flux density and the hydraulic gradient are measured, and the conductivity is
calculated from the ratio of flux density/gradient. The conductivity obtained is
related to the measured matric potential and water content.
(b) Hydraulic Conductivity from Diffusivity- Bruce and Kiute (1956) and Gard-
ner (1956) have used Darcy's equation in terms of the diffusivity (Buckiiigharn,
1907; Cliilds and Collis-George,1950; Sposito, 1986) using the following transport
diffusion equation.
89 8
	 89
= -[D(6)---) + K(9)J	 (2.2)
in which D(9) is the soil water diffusivity and K(0) is the hydraulic conduc-
tivity, written here for one-dimensional vertical flow.
Gardner (1962) reduced the transport diffusion equation to a linear parabolic
equation by assuming D(9) constant. This assumption is based on the fact that
for a small change in 9, D(9) is approximately constant; and that over this small
range, the 9('&) relation of the soil is linear. In that case, Equation (2.2) becomes
for horizontal flow:
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= —D(0)[-. ]	 ( 2.3)Ot
or
K(çb- = -
	 )[]	 (2.4)
However, literature has revealed that generally in soils K(b), K(0) functions
decrease sharply with decrease of moisture content (Doering, 1965; Kiute, 1972).
Some modifications of the unsteady flow equations were developed, in determining
K(&), K(6) indirectly by evaluating D(8) first in the laboratory (Ragab et al.,
1981).
Rose (1963a, 1968b) applied the principles of evaporation of water from a
soil column under isothermal conditions. The soil aggregate column remained
essentially semi-infinite, which enabled the evaluation of D(G).
Gardner (1962) reported that D(0) can be calculated directly from the outflow
rate from a large one-step change in pressure, çb by assuming constant diffusivity
over the entire length of the soil sample. This one-step outflow method has been
shown to agree with other methods (Doering, 1965; Acharya and Daudet, 1980).
Recently the one-step outflow method has been involved in generating data for
parameter estimation (Kool et al., 1985; Parker et al., 1985).
2.1.2.2 Field Methods
A larger area of measurement and preservation of field structure are inherent
advantages of field methods over laboratory methods (Green et al., 1986).
(a) Unsteady Drainage Flux Method - This is also called the instantaneous
profile method after Watson (1966). The drainage flux method was first used in
the field by Richards et al. (1956). It was developed further by Nielsen et a!.
(1964), Rose et al. (1965) and van Bavel et al. (1968). Watson (1966) improved
upon the analysis of data by replacing the computation of differences in time
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and depth by the presumably more accurate instantaneous profile method. This
method is elaborated in this study (Section 3.1.3.2).
(b) Unit Hydraulic Gradient Method - K(0) is determined from the periodic
measurement of O(z, t) during the redistribution of water in the soil profile following
infiltration (Green et al., 1986). In addition to the assumption of negligible lateral
flow in the soil layer, a unit hydraulic gradient is also assumed, i. e. = —1
(Ragab et al., 1981). The assumption of unit gradient during redistribution of soil
water without evaporation following infiltration in a uniform soil was introduced
by Black et al. (1969). This assumption was used in the determination of hydraulic
conductivity of unsaturated soil by Nielsen et al. (1973).
2.1.3 Prediction of Unsaturated Hydraulic Conductivity
The solution of unsaturated flow problems requires the predetermination of soil
hydraulic properties such as the relationship of matric potential, & with the mois-
ture content, and the dependence of hydraulic conductivity, K upon the moisture
content.
Empirical formulae (Wind, 1955; Gardner, 1958; Brooks and Corey, 1964;
Averjanov, 1950; Rijtema, 1965) can be applied to predict K when some measured
data of either K(') or K(9) are available (Mualem, 1986) for the following reasons:
1. To allow a closed-form analytical solution for some unsaturated flow prob-
lems.
2. To simplify the computational procedure of numerical solution, save corn-
puter time, and improve accuracy.
3. To systematically extrapolate the measured curve.
4. To minimize the measurements required for statistical representation of the
hydraulic conductivity distribution in the field.
2.1.4 Hysteresis of the Hydraulic Conductivity
The O(b), K(b) or K(8) relations are not unique functions but depend on the
history of wetting and drying processes to which the porous medium was subjected
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(Davidson et al., 1966). The hysteresis in K(çb) is orders of magnitude bigger
than hysteresis in O(b) (Nielsen and Bigger, 1961; Topp, 1969; Poulovassilis, 1970;
Taisma, 1970; Vachaud and Thony, 1971).
It is preferable to use the K(9) relation rather than the K() for many practical
uses in which wetting and drying processes are involved, if hysteresis is to be
neglected (Mualem, 1986). Mualem (1974, 197Gb) proposed methods that allow
prediction of hysteresis in K() as well as K(0). When drying from an initially
wet profile however, the K(&) function (Gardner, 1958; Hillel, 1980) can be used,
because there is no hysteresis.
2.1.5 The Dynamics of Capillary Rise
Parlange and Aylor (1972) examined the dynamics of capillary rise of water
in a long column of porous medium when its base is suddenly immersed in water.
Initially, the column had a unifom water content. They have used the following
one-dimensional equation for the rise of water into the porous medium.
Dz 0 00 dK
+	 (D .-) = --	 (2.5)
The boundary conditions of Equation (2.5) were as follows:
t=0,	 z^0, 0=0=0
t>0,	 z=0, G=Oi=l.
Philip's (1966) numerical solution to the same equation describes only the early
stage of the capillary rise, typically less than 10% of the complete rise, whereas
the solution of Parlange and Aylor (1972) describes the whole phenomenon.
2.1.6 Capillary Potential and Capillary Rise
The capillary potential concept, introduced by Buckingham (1907), assumed a
capillary force field generated by the attraction of moist soil for water. He defined
a capillary potential, the gradient of which is equal in magnitude to the capillary
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force. Shortly after Buckingham, Green and Arnpt (1911, 1913) also introduced the
capillary force concept of soil moisture. The introduction of a potential function
gave rise to the study of soil moisture as a dynamic system. The capillary potential
may be considered as a pressure potential due to the differential pressures on either
side of the liquid-gas interface in the menisci of the water-films (Gardner et al.,
1922).
The rise of water in soil from the water table is termed capillary rise. This
term derives from the capillary model (Keen, 1919) which considers the soil as a
bundle of capillary tubes, predominantly wide in case of sandy soil and narrow in
clay soil. Accordingly, the equation relating to the equilibrium height of capillary
rise to the radii of pores is as follows:
h = 27 cos a
	 (2.6)
rpg
where
h capillary rise,
surface tension,
r	 the capillary radius of pores,
p density of water,
g the acceleration due to gravity, and
a the contact angle which is usually considered as zero.
2.1.7 Steady Evaporation in Presence of Water Table
The steady-state upward flow of water from a water table through the soil
profile to an evaporation zone was first studied by Moore (1939). Theoretical
solutions of the flow equation for the process of evaporation from the soil surface
in the presense of a water table were given by several workers including Gardner
(1958), Anat et al. (1965) and Ripple et al. (1972).
Shaykewich and Stroosnijder (1977) used the concept of matric flux potential
for determining the steady upward flux. They defined the matric flux potential as
follows:
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ph
M(h) 
= J K(h)dh	 (2.7)h0
where
M = matric flux potential at pressure head Ii.,
h = pressure head at the centre of the effective root zone, and
h0 = the pressure head at the water table = 0, and
K(h) = unsaturated hydraulic conductivity function.
Memon et al. (1986) used Gardner's (1958) one-dimensional unsaturated flow
equation for steady-state evaporation. They derived the relation in calculating the
upward flux in finite difference form as:
M^i - M
Z+1 
= q + [K(h1i ) + K(h)]/2	 (2.8)
where
h = soil water pressure head,
z = vertical distance from soil surface.
In Equations (2.7) and (2.8), Rijtema's conductivity function was used as:
K(h) = a&	 (2.9)
where a and c are arbitrary constants.
Philip (1957b), Gardner (1958), Ripple et al. (1972), Zhang (1968), Hadas and
Hillel (1968), and Marshall and Holmes (1988) used similar approaches to calculate
the steady upward flux starting with Darcy's equation. According to them, the
equation describing steady upward flow is:
q = K(i,b)(	 —1)	 (2.10)
or
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q =	 - K(çb)	 (2.11)
where
q = flux equal to steady evaporation rate,
= suction,
K = hydraulic conductivity,
D = hydraulic diffusivity,
9 volumetric water content, and
z = height above the water table.
An empirical equation for K('çl') given by Gardner (1958) used by some inves-
tigators, is:
K('J) = a(bTh + b)'	 (2.12)
where a, b and ii are constants which must be determined for each soil. Ac-
cordingly, Equation (2.10) becomes (Hillel, 1980):
a (L_l)	 (2.13)
dz
Disregarding the constant b in Equation (2.12), Gardner (1958) obtained the
equation:
= A a/&L	(2.14)
where
d = depth of the water table below the soil surface,
a.,n = constants of Equation (2.12),
A = constant which depends on m, and
= the limiting rate at which the soil can transmit water from the water table
to the evaporation zone at the surface.
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A number of workers (Wind, 1955; Visser, 1959; Taisma, 1963) accorded the
above theory. Hadas and Hillel (1968), however, found that experimental values
deviated from the predicted behaviour (Table 2.1).
Table 2.1 - Comparison of measured and maximal evaporation rates
with theoretically predicted rates for steady evaporation from uniform
soil columns of sand and bess (Hadas and Hillel, 1968).
Soil Water Measured Calculated rates (mm d 1 ) according t
	
table	 rates	 Anat et al. (1965) Gardner (1958 )
	
depth	 Original Modified
cm mm d1
	Rehovot 120
	 0.2	 0.28	 0.39	 0.38
sand	 70	 2.0	 2.40	 2.40	 2.0
	
35	 19.0	 38.40	 34.40	 31.0
Gilat	 120	 8.0	 4.2	 8.2	 8.1
bess	 70	 20.0	 7.7	 24.0	 21.0
Anat et al. (1965 ) developed a modified set of equations employing dimeii-
sionless variables. Their theory also leads to a maximal evaporation rate qmaz
varying inversely with the water table depth d to the power of n:
1.886
qmaz = [1 + (n
2 + 
1) Id	 (2.15)
where the parameters are same as in Equations (2.12) to (2.14).
Hillel (1980) reported that a shallow water table may be present at a constant
or variable depth or it may be absent or too deep to affect evaporation. Where a
water table occurs close to the surface, steady-state flow may take place from the
saturated zone beneath, through the unsaturated layer to the surface.
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2.2 Water Table Effect on Yield and Water Use
Evapotranspiration results in a moisture loss from the capillary fringe when
the water table is near the ground surface (Lembke, 1969).
Wind (1959) conducted a field experiment concerning capillary rise of moisture
in a heavy clay soil. The water table was 45 cm below the soil surface. He
calculated the rate of capillary rise using a water balance approach. The capillary
fringe contributed about 150 mm of water over a period of 160 days. He concluded
that under favourable circumstances, a delivery of 3-4 mm per day from water
table to surface is possible.
Hartmann and de Boodt (1973) reported that for a shallow root zone (20 cm)
of Tuberous Begonia, at the beginning of a dry period, the water table should be
less than 100 cm deep if one wants to avoid irrigation daily. They also found for
a root zone of 60 cm, that irrigation may be delayed even when the water table is
140 cm deep because of the groundwater contribution.
Nikolski (1977) reported that the amount of irrigation water required to main-
tain an optimal average water content in the root zone for maximum crop yield
depends on the water table depth as well as evapotranspiration.
Stewart et al. (1969) reported that the annual evapotranspiration of Tifway
bermuda grass, grown on Arzel fine sand with 30, 60 and 90 cm water tables, was
proportional to the amount of plant cover. They also reported that evapotran-
spiration increased with grass cover at water table depths of 60 and 90 cm but
decreased slightly with cover when the water table depth was 30 cm (Table 2.2).
They also added that the ratio between evapotranspiration from no grass or a
partial grass and full grass cover was related to the depth of water table, amount,
frequency and disrtibution of rainfall.
In the Netherlands, the water use of crops is affected by the upward flow from
the relatively shallow water table through the capillary fringe (van Bakel, 1981).
The grain yield of maize decreased as the water table depth increased with the
change being more rapid in rainfed than in irrigated conditions (Alvino and Zerbi,
1986). Grain moisture content and individual seed weight were linearly related to
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Table 2.2 - Annual rainfall, class A pan evaporation and
evapotranspiration with different degree of plant cover and water table
depth (Stewart et al., 1969).
Year Water tabb Rainfal Class A pan 	 Evapotranspiration
depth	 evaporation Full Soc 2/3 SO( 1/3 SO( No sod
cm	 cm	 cm	 cm	 cm	 cm	 cm
1965	 60	 137.0	 171.8	 104.3	 84.0	 65.3	 39.0
1966	 90	 184.5	 157.0	 87.5	 77.8	 68:0	 48.0
1967	 30	 171.0	 173.3	 104.8	 110.5	 112.8	 115.8
Table 2.3 - Water table effect on grainyield, plant height, grain
moisture content with of maize under irrigated and rainfed condition
(Alvino and Zebri, 1986).
Water tabi	 Irrigated	 _____ _____	 Rainfed
depth	 Yielc Grain moistur Sterile Plant Yielc Grain moistur Sterile Plant
content	 plants lieigh	 content	 plants height
cm	 t/ha ___________ %	 cm t/ha	 %	 cm
60	 10.0	 18.5	 17.0	 2.7	 7.5	 18.4	 20.0	 2.6
80	 8.0	 17.7	 16.0	 2.6	 6.0	 17.7	 23.0	 2.5
120	 7.5	 17.3	 15.0	 2.5	 4.5	 17.2	 26.0	 2.4
water table depth. The difference in yield between the water regimes was due to
the water table depth and to the percentage of sterile plants above the deep water
table. Plant height decreased as water table depth increased (Table 2.3).
Alfalfa produced nearly as much forage under arid condition without irrigation
as with six irrigations per year when the water table was 150 to 270 cm below
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the soil surface (Campbell et al., 1960). But they reported that appreciable salt
accumulation occured in the 90 to 210 cm soil zone.
The evapotranspiration E and water use efficiency (WUE) of celery was studied
by Shih and Rahi (1985), who reported that both are inversely related to the water
table depth. For sorghum, E and WIlE were also inversely related to water table
depths (Shih, 1986) at 30, 60 and 85 cm with three replications. Similar studies on
maize were reported by Shih (1985). He reported that E and water-to-yield ratio
were inversely related to water table depth. The maize grew equally well with 60
and 85 cm water tables.
The water demand of the crop which is determined by the climate, is not
always fulfilled. If a reduction in E partially determined by soil physical factors
appears, the yield of the crop also decreases. For that reason, the effect of the
soil properties in relation to the depth of the water table needs to be studied to
calculate the maximum amount of water available for E (Feddes, 1968).
A summary of the water table effect on total E, yield, and fresh bio-mass for
different crops is presented in Table 2.4.
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Table 2.4 - A summary of water table effect on total E, yield, and
fresh blo-mass for different crops.
Crop	 Water table Total	 E	 Total	 Total fresh	 Reference
depth	 in depth marketable biomass
yield
cm	 mm	 kg m 2 kg m2
Maize*	 30	 273	 1.74	 6.32	 Shili (1985)
60	 231	 2.17	 7.35
85	 183	 2.29	 7.11
Sorghumt	 30	 450.6	 0.52	 4.64	 Shuli (1985)
60	 397.5	 0.93	 9.65
85	 347.6	 1.33	 14.28
Celeryf	 30	 551.9	 10.17	 15.77	 Shili and Rahi (1985)
60	 470.5	 10.35	 17.70
85	 352.1	 9.90	 15.24
2.3 Experiments on Water Table Contribution
Ragab and Amer (1986) followed two independent procedures: the first in-
volved the use of Darcy's equation to calculate the upward capillary flux and the
second, based on the soil water balance, assumed the water table contribution to
be the difference between estimated E and measured soil water depletion. Both
procedures estimated the water table contribution to be in the range of 19-22 cm,
which amounted to about 40% of E over the 75-day growth period of maize.
* 1980
f 1981
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Lal and Sliarma (1974) estimated the water table contribution to E of wheat
by studying the soil moisture depletion created by plants grown in bottomed and
bottomless drums which were sunk in a crop field during 1969-70 and 1970-71 at
Pantnagar, India. They found that the total E in the bottomed drums was 511.0
mm as against 319.6 mm in the bottomless drums for an upward flow of water.
Thus the amount of water contributed by ground water table was 191.4mm , which
amounted to 37.5 % of the total consumptive use where the depth of water table
varied from a maximum of 171 and 177 cm to a minimum of 126 and 132 cm in
1969-70 and 1970-71, respectively.
Wallender et al. (1979) reported that water supplied to a growing crop by
capillary rise from a shallow water table can be an important resource. According
to them, several thousand hectares in the western San Joaquin Valley in California
have a perched water table created by irrigation and a slowly permeable subsurface
zone. When irrigations were made according to a schedule that is optimum for soils
without a shallow water table, cotton has shown stunted plant growth that is a
characteristic of waterlogging. They used two independent procedures to evaluate
the contribution of a perched water table to the evapotranspiration demand of
cotton and to develop an irrigation schedule that uses the resources efficiently. The
procedures were the water budget method and the chloride translocation technique.
Both procedures estimated the water table contribution to be near 36 cm for the
growing season.
Stuff and Dale (1978) reported the capillary rise past a 105 cm deep root-
zone boundary estimated as the difference between estimated E and changes in
soil moisture under maize on a tile-drained Typic Argiaquohl at West Lafayette,
Indiana, during three growing seasons, 1971-73. Capillary rise supplied an average
of 27% of E in periods with little or no precipitation. Their computer model
estimated capillary rise to furnish about 17% of the total E over a 100-day period
from 49 days before silking to 50 days after. As the monitoring of soil moisture
in crop root zone becomes a part of the agricultural advisory and crop production
forecasts, models must be adapted to consider capillary rise from shallow water
tables.
Benz et al. (1985) investigated the water table contribution for alfalfa using the
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water balance approach with non-weighing lysimeters. Four constant water table
depths and three surface-irrigation levels were the independent variables. Sources
of water to meet evaporative demands were rainfall, irrigation and the water table,
in addition to water stored in soil. The highest alfalfa yield in both years was
8.0 t/ha and occured in the first harvest in 1979 with 155 cm water table depth
and 1.3 irrigation level (1.3 x calculated E). Rainfall, surface irrigation and water
table contributed 48.6, 24.7, and 26.7%, respectively, of the total actual E. The
sliallowest (46 cm) water table depth had the highest E and lowest yields compared
to the other water table depths i.e. 101, 155, and 210 cm. The data showed that
capillary rise from a range of water table depths from 101 to 210 cm contributed
to the water use of alfalfa, thus decreasing surface irrigation requirements.
Benz et al. (1985) also investigated the effects of the water table and irrigation
on maize and sugarbeet. The effects of four shallow constant water table depths
and three surface-irrigation levels on their yields and actual E were evaluated by
them in non-weighing lysimeters installed in the field. The average seasonal E
was about 519 mm for maize and about 591 mm for sugarbeet after combining
data from all water table depths and irrigation levels. About 63% of total E was
provided by the water table in one lysimeter with the lowest surface-irrigation
level and a 155 cm water table. Subirrigation from shallow water tables (101,
155, and 210 cm) contributed to E in sizeable quantities if rainfall and surface-
irrigation were inadequate. Both maize and sugarbeet yields were much lower for
the shallowest (46 cm) water table treatment, because of inadequate aeration.
A summary of some experiments to measure the water table contribution is
presented in Table 2.5.
26
Table 2.5 - Summary of some experiments to measure groundwater
contribution.
Croptype Water	 Soil type Crowing Groundwater	 Reference
table	 period	 contribution
depth
cm	 days	 %E
Maize	 25-55 clay-loam	 75	 40.0	 Ragab and Amer (1986)
(non-saline)
Wheat 126_171* silt-loam	 37.5	 Lal and Sharma (1974)
132— l77t
Cotton
	
	
212-266 calcareous 	 126	 59.0-70.0	 Wallender et a!. (1979)
loam
Maize	 125-200 silt-loam	 100	 27.0	 Stuff and Dale (1978)
Alfalfa	 155	 sandy loam	 26.7	 Benz et al. (1985)
Maize and	 155	 do	 63.0	 Benz et al. (1985)
Sugarbeet________ ___________ ________ ____________ _____________________
2.4 Water Uptake by Roots
Plants rely upon their roots for water extracting ability to cope with the evap-
orative demand impressed by the prevailing moisture (Narda and Curry, 1981).
Several mathematical models have been developed in the past to describe wa-
ter uptake by plant root systems (Lambert et al., 1976). In general, two distinctly
different approaches, (i) the microscopic or single-root approach and (ii) the macro-
scopic or extraction-term approach, have been followed.
* 1969-70
f 1970-71
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In the microscopic approach, root distribution is considered to be uniform.
Single-root models also suggest that dimensions and density of roots are important.
The microscopic approach (Hillel et al., 1975) is based on the solution of the non-
linear diffusion equation:
09 10
= ---[rD( 9)1 	 (2.16)
where
r radial distance from the axis of the root,
9 = volumetric spil water content of soil,
t time, and
D = hydraulic diffusivity.
The solution of the Equation (2.16) is attempted by analytical means (Philip,
1957a; Gardner, 1960; Cowan, 1965) or numerical means (Molz et al., 1968; Lam-
bert and Penning de Vries, 1973). Many of the later studies (Lang and Gardner,
1970; Whisler et al., 1970) were motivated by the theoretical analysis performed
by Gardner (1960) and Cowan (1965). A more sophisticated approach to the de-
scription of flow within a single plant was done by Molz and Hornberger (1974)
and Molz and Ikenberry (1974) as cited by Feddes et al. (1974). The problem of
microscopic studies is that of determining the correct boundary condition. More-
over, it is difficult to test single-root models experimentally since it is not yet
possible to measure water potential at the soil-root interface (Narda and Curry,
1981). Thus, because of these difficulties with the microscopic approach, there has
been a tendency to describe water uptake by the macroscopic approach.
In the macroscopic or the extraction term approach, water uptake by roots is
represented by a volumetric sink term added to the continuity equation (discussed
in detail in section 3.1.5). iViacroscopic models have been employed by number of
investigators (Ogata et al., 1960; Gardner, 1964; Rijtema, 1965; Rose and Stern,
1967; Van Bavel et al., 1968; Whisler et al., 1968; Molz, 1971; Molz and Remson,
1970, 1971; Feddes, 1971; Feddes and Rijtema, 1972; Reicosky et al., 1972; Nimah
and Hanks, 1973; Stone et al., 1973; Feddes et al., 1974; Hillel et al., 1975; Feddes
et al., 1976; Hillel and Talpaz, 1976; Willatt and Taylor, 1978).
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Narda and Curry (1981) developed a model called SOYROOT which is a com-
bination of a root growth sub-model and the macroscopic model.They defined their
model as:
= L.u.f(0).f(r)	 (2.17)
1 U=T
	 (2.18)
where
= total water uptake by-the plants from the ith soil cell,
= total length of roots in the ith soil cell,
= water uptake rate per unit length of root,
f(8) = soil moisture dependent function to account for the diminished rate of
uptake by the roots due to decreased moisture content in the soil cell,
f (r) = net root effectiveness function to account for the death of the roots in the
soil cell and loss in absorptive power of the roots due to aging,
T = transpiration by plants, and
ii = number of soil cells from which transpired water is being extracted.
According to them, the model is applicable to homogeneous soil from which
surface evaporation is prevented.
Following Taylor and Klepper (1978), water uptake (Ui) from a soil volume
(V) can be determined from:
Ui = (	 - ?/)p + ?/)zj + I:ipii)	 (2.19)
where
L root length in layer,
q average root water uptake rate in V,
= difference of water potential between soil and plant xylem at the soil surface,
= xylem potential at the soil surface,
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= water potential loss due to evaporation, and
decrease in potential due to frictional forces within the root.
During a growing season, water uptake is initially confined to the surface layers
of the soil, but as the root system penetrates deeper into the soil and the upper
layers become dry, so the zone of maximum root activity moves downward and wa-
ter uptake from the upper layers becomes less important (Gregory, 1988). Typical
values for the inflow of water into root systems are presented in Table 2.6.
Table 2.6—Inflow of water into roots, cm3 ( water ) cm (root)d1
(Gregory, 1988).
Crop	 Inflow	 Range	 Source
Soybean	 3.0 x 10-2	 0.5 - 5 x 10-6	 Allmaras et al., 1975.
Onion	 2.2 x 10_2	 Dunham and Nye, 1973.
Winter wheat 2.0 X i0 0.7 X i0 - 2.5 X io	 Gregory et al., 1978.
Ryegrass 7.0 X iO 4
	Lawlor, 1972.
Cotton
	
	 early season 0.1-3.1 Taylor and Klepper, 1971.
late season 0.03-0.86
30
Chapter III
THEORY
3.1 Theory of Unsaturated Flow
Changes in moisture content throughout the soil profile depend on the flow of
water in the unsaturated zone above the water table. Under natural conditions,
the soil surface or the plough layer dries out during dry weather and plant growth.
A potential gradient will then develop and water will move in the upward direction.
This so called capillary rise or groundwater contribution is very important for the
supply of water to the crops especially in soils with low water holding capacity.
The capillary upward flux from the water table depends on the location of
the plane of zero flux. Upward flux from the water table occurs only when the
hydraulic gradient is negative, i.e. dH/dz < 0 at the water table.
3.1.1 Soil Water Potential
The water potential function & that describes the energy status of water con-
sists of several components as follows:
(3.1)
where
= matric potential, arising from local interacting forces between soil and water,
= gravitational potential, arising from the gravitational forces,
= osmotic potential, arising from osmotic forces, and
= pneumatic potential, arising from changes in external gas pressure.
The potentials are defined relative to the reference state of water at atmo-
spheric pressure at zero datum elevation. The potential is often expressed as
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energy per unit weight of soil water. Then potential has the dimension of length.
As the pneumatic potential in natural soil does not differ from the atmospheric
pressure, i,bp 0. As the influence of osmotic potential is small, i,b0 is negligible.
Since and ', are negligible, the water potential b deals only with matric
and gravitational potentials. It is usual, in that case, to refer to as the hydraulic
potential H and to 'm as the soil moisture suction -sb.
Assuming the z-axis downward directed and the origin at the ground surface,
= —z, so Equation (3.1) becomes:
H= —'&—	 (3.2)
where
-'v' = soil moisture suction head,
z = vertical co-ordinate downward directed, and
H = hydraulic head.
3.1.2 Soil Moisture Characteristic
The soil moisture characteristic is the relationship between the soil moisture
content 9 and the soil water potential b or suction -.
As the soil moisture characteristic is related to the pore size distribution, struc-
ture and texture, such a relationship is different for each soil. The relationship
between suction and water content is not unique but hysteretic. It depends on the
wetting and drying cycle of the soil. When the soil wets from air-dryness or dries
from saturation, the characteristics are called primary wetting or drying curves.
The wetting curve always has a lower water content for a given suction than does
the drying curve. The characteristics that result from drying a partially wet soil
or wetting a partially dry soil are called scanning curves. They lie between the
primary wetting and drying loops. An explicit analytical treatment of hysteresis
has been worked out (Poulovassiis, 1962; Mualem and Miller, 1979), and hystere-
sis is sometimes included in water flow models (Cillham et al., 1979). If there is
only desorption, single-valued functions like K() and 9 (m) can be used.
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O(b) relations are usually obtained by desorption starting initially with sat-
urated soil and removing water until a desired suction is reached. It is possible
to apply suctions by porous ceramic plates up to 20 bars (Marshall and Holmes,
1988). For further higher suctions, one has to use the vapour equilibrium method.
The relationship between humidity and water potential is useful in describing
the vapour phase in soils. It provides a means for measuring the higher suctions at
low moisture contents. Soil exposed to an atmosphere that is in vapour equilibrium
with an aqueous solution at the same temperature will absorb or lose water vapour
until its liquid is also in equilibrium with the vapour, e, of the solution (Marshall
and Holmes, 1988). Soil water potential can then be calculated from e/e 0 by means
of Equation (3.3).
RT e
m lfl	 (3.3)
where
'çbm = water potental of soil,
R = universal gas constant,
T = thermodynamic temperature,
M = molar volume of water,
g = acceleration of free fall,
e = vapour pressure of soil air, and
e0 = vapour pressure of saturated air at the same temperature as the soil.
Because the vapour pressure of water increases greatly with temperature, ade-
quate control of temperature is required and this becomes a limiting aspect of the
method as e/e0 approaches unity . It is unsuited to the range of e/e0 from 0.98 to
1.0 (Marshall and Holmes, 1988). But special thermocouple psychrometers can be
used to measure in this range.
The values of suction (-'c/i) range from 0.0 (when all pores are filled with water)
to 10 cm (oven-dry). To present this range easily in a graph, Schofield (1935)
introduced the quantity p F, defined as
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pF=log 10
	(3.4)
with 'ç& the soil moisture potential (negative) expressed in (positive) cm of
water column.
At low suctions capillary forces are dominant, while at high suctions, adsorp-
tion is most important. Therefore in the low suction range (0 p 2.7), where
the structure is of influence on the water retention properties, undisturbed soil
samples are ususally used. In the higher suction range, disturbed samples may be
used. But if undisturbed samples are easy to collect, they can be used for both
ranges.
The soil moisture characteristic 0('i/' ) can be described using as a function
of 0. In this case the curve can be divided into three line segments e.g. higher
moisture content or low suction, medium moisture content or medium suction, and
low moisture content or higher suction (Feddes et al., 1978). So 1.' as a function of
0 can be represented by three segments as:
	
çi, = ea1(b)	 for	 0	 0	 (3.5)
	
= ea(1)	 for	 02 ^ 0 ^ 81	 (3.6)
ea3(173_0)	 for	 03 < 0 <82	 (3.7)
where 0 3 = saturation moisture content.
3.1.3 Hydraulic Conductivity
The hydraulic conductivity depends on pore size distribution, porosity, struc-
ture, and moisture content of soil. Therefore, as soils differ in their physical prop-
erties, so hydraulic conductivity K will be different for each soil.
For saturated (groundwater) flow, the total soil pore space is available for water
flow. With unsaturated flow, part of the pore space is filled with air so that K
must be smaller than for saturated flow because of decreased cross-sectional area
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for flow and smaller pores. So for unsaturated flow K is not a constant but depends
on the soil moisture content because 0 f(i). So the hydraulic conductivity K
can be described as:
K K(0)	 or	 K K(çb)	 (3.8)
The soil moisture flow in the soil system is described by Darcy's equation as:
q=—KVH
	 (3.9)
where
q volumetric flux)
K = hydraulic conductivity, and
II = hydraulic head.
In order to get a complete mathematical description for unsaturated flow, the
continuity equation, which expresses the law of conservation of matter, is applied:
00 
= —V.q	 (3.10)
where
9 volumetric moisture content, and
t	 time.
Combining Equation (3.9) and Equation (3.10) yields the general equation of
motion which describes the flow of water in the liquid phase in unsaturated soil:
at = V.(KVH)	 (3.11)
If flow is considered to take place only in the horizontal direction, the appro-
priate governing equation from Equation (3.11) is
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--(K-' -	 (3.12)Ox Ox5t
By the chain rule of differentiation
&çl'	 dçb09
Ox - dO Ox
(3.13)
So equation (3.12) can be written as
[D(0)--] =	 ( 3.14)-	
Ox	 Ot
which is the diffusion equation (Marshall and Holmes, 1988). D is the soil
water diffusivity defined by the relation
D(0) = K(9)/(dG/di/')	 (3.15)
The conductivity from the Equation (3.15) can be written as follows:
K(6) = D(0)	 (3.16)
where
D = soil water diffusivity,
K = unsaturated hydraulic conductivity, and
d9/db = slope of the soil moisture characteristic curve.
3.1.3.1 Hydraulic Conductivity from Diffusivity
By solving the diffusion equation (3.14), for the following boundary conditions,
O = Oi	 O<x<L	 t=O
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9=O	 x=0	 t>0	 (3.17)
3O/t9x=0	 r=L	 t>0
Gardner (1962) derived an expression for soil water diffusivity D(9) as:
4L2	dO
	
D(0) 
= 7r2(0 - 01)dt	 (3.18)
assuming that for a small change in 0, D(0) is approximately constant. In
Equation (3.18),
D(0)	 hydraulic diffusivity,
L = the length of the sample,
0= volumetric water content,
dO/dt = instantaneous outflow rate, and
= final equilibrium volumetric water content.
(a) One-step Outflow Method - In this method soil is exposed to a step change
in pressure, usually from zero to 1000 cm water. Considerable time is saved iii the
analysis of each soil sample because the size of the pressure step is limited only by
the bubbling pressure of the plate.
(b) Evaporation Method - The outflow method is limited by the bubbling pres-
sure of the plate. To extend the method to higher moisture suctions, an evaporation
method can be used. It follows the same principle of diffusivity. Soil is dried in a
closed chamber in which air of constant humidity circulates (Rose, 1968b).
All diffusivities can be converted to conductivities using Equation (3.16).
3.1.3.2 Hydraulic Conductivity from Unsteady Drainage Flux
Measurement of hydraulic conductivity during the unsteady drainage flux con -
dition in situ is based on the Darcian analysis of transient soil water content and
hydraulic head profiles during vertical drainage within the profile as functions of
depth and time. Isothermal conditions are assumed to exist in the soil profile
during the course of drainage, so neglecting the effect of any temperature changes
that might occur.
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The equation (Green et al., 1986) describing one-dimensional, isothermal, non-
hysteretic, unsaturated flow of water during drainage is:
DO(z,t) =
	 (3.19)
Ut	 9z	 Dz
where
9(z, t) = transient volumetric water content,
H(z,t) = hydraulic head,
K(0) = hydraulic conductivity,
z = vertical distance co-ordinate, and
t = time.
When z is positive downward with respect to ground surface reference then
H(z,t) = 
—iI( z , t ) - z	 (3.20)
where -(z,t) = transient soil water suction head.
The initial condition for Equation (3.19) is the soil moisture profile at the
moment infiltration of water at the soil surface ceases. With the surface covered
thereafter to prevent evaporation, the upper boundary condition for drainage is
zero-flux at z = 0. With this condition, Equation (3.19) is integrated with respect
to z, between the limits of z = 0 and any desired depth (z) to obtain for a given
time:
pl OO(z,t) - K(G)8zt)
JO	 at	 -	 Oz	
(3.21)
or
a zi	 OH(z,t)
,'	 lz1	 (3.22)JO 9(z,t)dzK(6)
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o O(z,t)dz = K(o)OH;t) 
Izi 	( 3.22)Oz
Equation (3.21) or (3.22) can be used to determine K(0) or K('çb) at desired
values of z from 0 and H profiles measured at frequent time intervals. The left-
hand side, the drainage flux, is equal to the product of hydraulic conductivity K(0)
or K() and hydraulic gradient.
3.1.3.3 Hydraulic Conductivity from Water Depletion
Hydraulic conductivity in the field can also be determined from flux and hy-
-	 draulic gradient data when there is ioss of water from evaporation and plant use.
Then, Equation (3.9) in conjunction with Equation (3.2) can be expressed as
in Equation (3.23) and used to measure hydraulic conductivity.
The flux in Equation (3.23) is not the same for all depths (Wind, 1955; Feddes,
1968) but the sum of capillary rise from the groundwater level and the amount of
moisture extracted from below the depth concerned.
q = C + M = K(b) 1
 - 1	 (3.23)
where
q = upward flux,
C = capillary rise,
M soil moisture extraction,and
K = hydraulic conductivity.
For short dry periods, with continuous flow upwards, one may use arithmetic
average values of and q to calculate conductivity or in any other calculations.
3.1.3.4 K(,b) Empirical Equation
From the hydraulic conductivity measurements, data-pairs O,/' and K, 0 are
available. An empirical equation can be fitted to the data to represent the hydraulic
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A general function which seems to fit the available data very well is Gardner's
(1958 ) type of equation
K(i) = a(
	 + b)'	 (3.24)
where a, b and n are constants. In general, the coarser the texture of the soil, the
larger the values of n. For most soils investigated n values vary between 1 for
heavy soils and 4 for very sandy soils (Gardner and Fireman, 1958).
3.1.4 Capillary Rise
The steady-state upward water flow from groundwater to an evaporation zone
at the soil surface was first studied by Moore (1939). When dealing with unsat-
urated flow, it is usual to consider flow in the vertical z direction only. From
Equations (3.2) and (3.11)
00 0 A
- —[K—(t' - z)]
00	 0 0l'	 OK
	
= ---(K--) - --
	 ( 3.25)
When steady-state flow is in one direction only, it is convenient to work with
Equation (3.25) in terms of potential head (çb).
In order to solve Equation (3.25) for any given boundary conditions, the re-
lation between K, & and 0 must be known. Numerical methods of solutions are
then often required.
For steady-state conditions, 00/Ot = 0, and Equation (3.25) becomes, on inte-
grating once,
q = K(	 - 1)	 (3.26)
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where q = constant of integration and represents the flux. Equation (3.26) is
a restatement of Equation (3.9) using Equation (3.2).
From Equation (3.26), using expression (3.24), the capillary upward flux can
be represented by
q = a(Y1
 +
	
	 - 1)	 (3.27)dz
where q is the capillary upward flux.
Equation (3.27) can be used to find fluxes if suction () distributions with
respect to depths and times are known.
3.1.4.1 Plane of Zero Flux
When in a soil profile a positive and negative hydraulic gradient simultaneously
occur, a zone or plane where hydraulic gradient, dH/dz = 0, will be present between
the region of upward and downward flow (Arya et al, 1975; Hartmann, 1984;
Hassan, 1986). In that plane, the flux q equals zero. That plane is often called the
zero-flux plane.
In the presence of a water table, the plane of zero flux could be above or at the
water table or not be present at all. If the zero-flux plane is above the water table,
there will be no upward capillary rise from the water table. Rather there will be
downward flux or drainage to the water table because dH/dz > 0 i.e. positive,
from the soil profile below the zero-flux plane. Upward flux will be oniy above the
zero-flux plane because of dH/dz < 0. In the presence of crops and no irrigation,
the plane of zero flux will shift downward. After an elapse of time, the zero-flux
plane will reach the water table where the hydraulic gradient dH/dz < 0. When
that occurs, profiles above the water table will have dH/dz < 0 and continuous
upward flux will occur from the water table thereafter.
3.1.5 Water Uptake by Roots
The water uptake by the roots is represented by a sink term, which simply is
added to the continuity Equation (3.10) i.e.,
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50	 Sq	 (3.28)
where
9 = volumetric water content,
t = time,
q = soil water flux,
S = sink term that represents water uptake by plant roots, and
z = vertical co-ordinate downward directed.
Thus the sink term is the volume of water extracted from a unit volume of
soil per unit time. Values of 09/St can be obtained from a graph of water content
versus time at different depths. Eye-fitted curves can be drawn through data points
for each depth, thus providing a family of curves for various depths.
Oq/Oz can be determined graphically from a plot of soil water flux versus depth
at different times. Fluxes at different depths can be calculated from flow Equation
(3.26) under steady-state conditions assuming that a steady-state existed over a
given time interval.
In other words, for a unit time interval and any compartment of unit depth,
Equation (3.28) can be simplified as below to calculate the sink term S (numeri-
cally).
S(z,i+l) = 92 - q -i + qz-1-1 - 92+1	 (3.29)
where
t time, and
z = vertical co-ordinate downward directed.
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Chapter IV
MATERIALS AND METHODS
4.1 Materials
4.1.1 Experimental Site
The experiment was conducted in Moor Bank glasshouse, University of New-
castle upon Tyne, to avoid any surface water applicaton by rainfall.
4.1.2 Soil
Surface soil of Rivington Series from the University of Newcastle upon Tyne
experimental farm, Cockle Park, was selected for the experiment. Soil was collected
by scraping mechanically the surface of a cultivated field to a depth of 15 cm at the
end of February, 1988. About six tonnes of soil were needed to fill three lysimeters.
Soil from the farm was transported to the glassliouse and steam-sterilised to avoid
any disease transferred to other plants in the glasshouse. The soil contained much
large gravel and stones, which were removed (as far as possible) while filling the
lysimeters manually. Soil analysis results are presented in section 4.2.1 and chapter
6 (section 6.1.2).
4.1.3 Crops
Three crops were used. Runner bean (Phaseolus coccineus), a medium rooted
(50 - 70 cm) crop was grown from June to October, 1988. Barley (Hordeum
vulgare), a deep rooted crop (100 - 150 cm) was grown from April to July, 1989.
Lettuce (Latuca sativa), a shallow rooted crop (30 -50 cm) was grown from March
to May, 1990.
4.1.4 Lysimeters
Lysimeters were constructed from bulk liquid containers of pvc (polyvinyl duo-
ride) material. Three lysimeters, 106 cm in diameter and 145 cm deep, were sited
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in the glasshouse. A 10 cm layer of fine gravel mixed with coarse sand was placed
at the bottom of each lysimeter. They were then filled with soil. After filling each
15 cm layer, the soil was compacted manually to uniform bulk density. In addition
to the manual compaction, the soil was stabilized by wetting the whole column
from the bottom of the lysimeter to the soil surface and then draining to the water
table. Wetting the profile from the bottom to the surface also helped to expel all
air in the soil, and thus to alleviate any hysteresis effects due to air entrapment.
Desired levels of water table were checked through a sight tube, 5 mm diameter,
from the bottom gravel layer of lysimeter, Fig. 4.1.
4.1.5 Mariotte Siphon
Water tables were controlled at three levels i.e. 60, 90 and 120 cni below the
soil surface in the lysimeters by Mariotte siphons. The siphons supplied water
through the bottom of the soil column as shown in Fig. 4.1. They were connected
to each lysimeter at a point 135 cm below the soil surface. The siphon reservoirs
measured the water that moved into the lysimeters to replace that used by the
plants in the lysimeters. Water losses were recorded to the nearest 50 cm3 . The
records were taken daily.
4.1.6 Tensiometers
Each lysimeter had tensiometers inserted at different depths (5, 15, 30 and 45
cm for the water table at 60 cm ; 5, 15, 30, 45, 60 and 75 cm for the water table
at 90 cm, and 5, 15, 30, 45, 60, 75, 90 and 105 cm for the water table at 120 cm)
for daily measurement of soil moisture suction and hydraulic gradient.
Before installation, the tensiometer cups were checked for any cracks under a
pressure of 1000 cm of water (one bar) using de-aired water. After installation,
as shown in Fig. 4.1, they were purged of air and stoppered. Measurements of
suctions were made daily at 8 a.m. However in order to check for diurnal variation
in soil suction, additional readings were made at 12 noon and 4 p.m. on some
days.
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4.1.7 Resistance Blocks
Each lysimeter had resistance blocks inserted parallel to the soil surface at the
same depths as the tensiometers. Resistances were recorded for each lysimeter
when tensiometers failed to record suction because of air entry. Moisture content
was inferred from the calibration curves of resistance blocks, determined on the
same soil in the laboratory.
4.2 Methods
4.2.1 Soil Analysis
After the soil in the lysimeter was compacted and stabilized, triplicate samples
were taken from each lysimeter and analyzed for particle size distribution using
the pipette method (Avery and Bascomb,1982) The average sand, silt, and clay
content of the soil was 37.2, 59.3, and 3.5%, respectively. Thus, the texture is a
sandy silt loam, using the classification of the Soil Survey of England and Wales
(SSEW). Soil bulk density was also determined on five undisturbed core samples
(Blake and Hartge, 1986) for each lysimeter. The average bulk density obtained
from the measurement was 1.56 ± 0.05g cm3.
4.2.2 Soil Moisture Characteristic
The soil moisture characteristic is represented by p against volumetric mois-
ture content in the range saturation (zero suction) to wilting point (15000 cm)
following the desorption process (Reicosky et al., 1972) and higher than 15000 cm
of water by the vacuum desiccator method (Marshall and Holmes, 1988).
Soil moisture characteristics were determined in the laboratory by measuring
suction and water content. Different methods used in developing the curve are
outlined below.
Volumetric water content was then inferred from the curve for any suction
measured in the lysimeters when soil was drying.
4.2.2.1 Haines Method
This method of measurement is used for suctions below 125 cm of water (Jack-
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son, 1962). Four undisturbed soil samples fl PVC cores, 50 mm long and 30 mm
diameter, were used. At zero suction, one sample was used to determine gravi-
metric moisture content and then converted to volumetric moisture content. After
applying each suction, sufficient time was given to equilibrate. Finally, suctions
were related to respective volumetric moisture contents.
4.2.2.2 Pressure Plate Apparatus
This method of measurement was used for the higher suction range, 150 to
15000 cm of water (Richards, 1965). Undisturbed thin (10 mm) core samples
in triplicate were used for each measurement. Sufficient time was allowed for
incremental pressure application to equilibrate with the potential'of the water in
the soil samples. The soil moisture content was determined after equilibrium by a
gravemetric method for the respective applied suction and converted to volumetric
moisture content.
4.2.2.3 Resistance Block
Resistance blocks were calibrated in the laboratory in disturbed core (7.5 x
5.0 cm) samples. Cores with the blocks were left in a constant temperature room
(18° C) to evaporate. Daily evaporation loss along with the resistance of the block
were recorded. After obtaining the constant sample weight together with the
constant resistance, the moisture content was determined for each resistance mea-
surement. Resistance as a function of volumetric moisture content was plotted on
a five-cycle semilogarithmic graph paper to produce calibration curves.
Resistance readings in the lysimeter were recorded along with temperature.
The calibration curves were at 18°C. Temperatures in the glasshouse differed
from those in the laboratory, and so the resistance measurements in lysirneters
were adjusted for temperature variation in deterniinig the moisture content from
the calibration curve.
4.2.2.4 Vacuum Desiccator Method
Disturbed soil samples (10 mm) were saturated on a 15-bar ceramic plate.
After overnight saturation, the samples iii triplicate were placed in time pressure
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chamber. The samples were under desorption at 10.0 bar. After 5-6 days when
there was no outflow and the soil samples had attained equilibrium moisture con-
tent, they were taken out and weighed. After weighing samples with the con-
tainers were placed in vacuum desiccator containing solutes of known fixed rela-
tive humidity in sequence of the decreasing humidity. Different solutes used were
K2
 SO4 , KNQ 3 , KC1, NH4 NO3 , CH3 COOK, and NaOH, having relative humidi-
ties (e/e0 ) of 0.97, 0.92, 0.84, 0.70, 0.23, and 0.07, respectively The desiccator was
evacuated and left for 2-3 days for equilibrium. After that, samples were removed,
weighed and returned to the desiccator over the next solute. Finally, soil samples
were oven dried and volumetric moisture contents were determined. Soil mois-
ture suctions were determined using Equation (3.3). Then these suctions were
related to the measured moisture contents in pF curve (Fig. 6.1 a,b and c - vapour
equlibrium).
4.2.3 Unsaturated Hydraulic Conductivity
4.2.3.1 Diffusivity Measurement
(a) One-step Outflow Method- Undisturbed soil samples were collected in trip-
licate in short brass rings 30 mm long and 54 mm diameter. The brass rings
normally fit into the Tempe Pressure cell No. 1400 (Soil Moisture Equipment Inc.,
USA). The pressure cell was loaded with a previously saturated ceramic plate.
A single undisturbed core sample was loaded into the pressure cell along with
its brass ring. The soil sample was then saturated slowly, over 3-4 days to expel
all entrapped air, through the pressure plate which was allowed to imbibe dc-aired
water from a reservoir. After innundation, the pressure cell unit was connected
to the compressed air line. The required pressures were controlled at 1000 cm of
water using a mercury manometer.
A step-change in pressure of 1000 cm of water was applied to the pressure cell
containing a saturated soil core in a constant temperature room (18°C). Water
outflow from the soil was measured in drops by means of a drop counter which was
connected to a time-function recording chart. The number of outflow drops over
the entire desorption could be read off from the chart. From the known volume of
a single drop, the cumulative outflow was calculated as a function of time. The
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apparatus described is a simplified version of that used by Acharya and Daudet
(1980) and Bababe (1987).
At the end of each run, which lasted for 3-5 days, the gravimetric moisture
content of the core sample at one bar suction was determined.
A plot of cumulative outflow versus the outflow time, t, was constructed with
a smooth curve (eye - fitted) through the points.
The slope of the curve at a given time of outflow was evaluated graphically to
obtain the water flow rate. These graphically determined rates were then plotted
against cumulative outflow to yield another smooth curve (eye-fitted).
The values of instantaneous outflow were obtained from the latter curve. These
in conjunction with the other measurable terms in diffusivity Equation (3.18) were
used to calculate soil water diffusivity of each soil replicate, as a function of vol-
umetric water content, D(9). Hydraulic conductivity was then calculated using
Equation (3.16).
(b) Evaporation Method - Triplicate undisturbed samples in pvc cores (7.5 x
5.0 cm) were placed in a closed chamber after desorption at a pressure of 1000 cm
of water in pressure plate. A tray of silica gel was placed underneath the sample
(which stood on a platform with other cores) to absorb moisture and maintain the
humidity constant.
Relative humidity and temperature inside the chamber were recorded. They
were 45% and 20° C, respectively throughout the experiment.
When the samples were placed in the chamber, initially evaporation losses were
measured after every half an hour for a period of six hours. Later on, losses were
measured after every 24 hours and continued until a constant weight was obtained.
At the end of the drying period, which lasted for 11 days, the volumetric moisture
contents of the samples were determined.
A plot of cumulative evaporation versus time t was constructed as the in one-
step outflow method. The rest of the graphical analysis was done following the
outflow method and diffusivity values at low moisture contents were determined.
Subsequently, hydraulic conductivity values were obtained from Equation (3.16).
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Thus, a wide range of diffusivity values, obtained combining the one-step out-
flow and the evaporation method, enabled the determination of conductivity values
(as shown in Figs. 6.2 a, b and c - laboratory method).
4.2.3.2 Drainage Flux Method
Hydraulic conductivity of the soil in the lysimeter was measured in situ using
the unsteady drainage flux method (Green et al., 1986). The water table was raised
to the soil surface in the lysimeter. Then the soil surface was covered to prevent
evaporation so that water was draining vertically to the water table. Tensiometer
readings were recorded after every 24 hours for all depths. Hydraulic heads (H)
from tensiometric data for different positions were plotted against time. A smooth
curve was drawn through the points. From the smooth curve of H versus t, H
values were plotted for respective tensiometer depths (z) and a smooth curve was
drawn. The hydraulic gradient aH/Oz was determined from the smooth curve of
H versus z. The suction head i/ was determined from the H versus z curve and
& (z) values were recorded.
Soil water content profiles were not measured directly. 1'(z) data points were
converted to water content values 9(z) using the soil moisture characteristic &(0)
determined in the laboratory following the desorption and vapour equilibrium
methods. 9(z) values were plotted against time (t), and a smooth curve was drawn
for 9(z) versus t. Using the water content profile for a given time, the integral
f9(z,t)dz was estimated by a trapezoidal approximation (Green et al., 1986).
A smooth curve was fitted through the data of J 9(z, t)dz versus time and the
derivatives O[f O(z, t)dz]/5t at different times were calculated. The time derivatives
are the fluxes at fixed positions and times.
Unsaturated hydraulic conductivity values were then calculated by dividing
the fluxes calculated above with the hydraulic gradients at the same positions and
time.
4.2.3.3 Soil-water Depletion Method
Hydraulic conductivity of the soil in the lysimeters was calculated from the
soil-water depletion measurements in the lysimeters following the procedure of
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Wind (1955) and Feddes (1968) using Equation (3.23).
To apply the method, it was needed to know the amount of moisture depleted
from the soil and the capillary rise from water table.
Moisture extraction was estimated from tensiorneter readings. Suction heads
were converted to volumetric moisture content using the soil moisture characteris-
tics.
Depths of moisture depleted in each layer were calculated for periods of five
days. The water table contribution for the same period was measured.
The total vertical flow for all depths for that particular period was calculated as
a sum of capillary rise from the water table and the amount of moisture extracted
from below the depth concerned. The upward flow q with respect to depth per
day was calculated by dividing the total vertical flow at that depth by the time
period. Average values of q and i,b were calculated for successive layers. Capillary
conductivity values were calculated at each depth for the period using Equation
(3.23) and shown as a function of suction in Figs. 6.2 a, b and c (Soil-water
depletion).
4.2.4 Root Length Measurement
After harvesting each crop, soil samples containing roots were collected down to
the water table at each 15 cm interval with the use of a root sampler (3.75 cm dia x
15 cm long). Immediately after taking the first core, subsequent cores were taken
from the same hole. Collected samples were kept in polythene bags. In this
way triplicate soil samples were collected for each water table treatment. After
collection, the samples were stored in a cold-room.
The samples were then dispersed in water by manual shaking and stirring. The
soil with roots then passed through a 60-mesh sieve leaving the roots on the mesh.
Microscopic stain, Congo Red (Curr), was added to the clean roots to stain and
left overnight. This made it easy to separate the roots distinctly.
After separation, root samples were randomly spread on a one cm square grid
for counting. The total root length in each sample was estimated by the method
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of Newman (1966) as modified by Marsh (1971) and Tennant (1975) and used by
Malik et al. (1989). Root length was calculated from Equation (4.1).
Lr=C1XNXC	 (4.1)
where L,. is the total root length in the soil sample (cm), N is the number
intersection counts, C is grid size, and C1 is the conversion factor which, for a one
cm square grid, is 0.7857.
The root length density (R1 ) was estimated by dividing the root leiigtli by
the volume of the soil from which the roots were extracted, and expressed in
cin(root) cm 3 (soil). The inflow rates to roots could then be estimated by dividing
the sink-term by R1.
4.3 Experimental
4.3.1 Runner Bean Experiment (June to October, 1988)
The soil in the lysimeter was loosened to a depth of 20 cm using a hand shovel.
After loosening the soil, lime was applied at the rate of 7.0 t/ha and thoroughly
mixed in the soil to raise the pH from 5.7 to 7.0. Then N, P, K were applied at the
rate of 150 kg N/ha, 125 kg P2 05 /ha, and 125 kg K2 0/ha, as the recommended
doses after soil analysis.
24 bean seeds were dibbled to a depth of 5 cm in rows, 30 cm apart on 20 June
1988. Plants were thinned to a a spacing of 30 cm between plants 20 days after
sowing. There were 12 plants in each lysimeter.
When the plants were too tall to stand without support, cane sticks, 210 cm
long, were inserted in the soil near each plant to provide support. When the plants
were 180 cm tall, their tops were cut off to enhance branching.
On average, flowering started 35 days after sowing. Runner beans are insect
(mostly bees) pollinated. Usually, bees suck pollen from flowers and carry it from
flower to flower. Inside the glassliouse, there were few bees, so pollination was less
and fewer pods were formed.
52
The first harvest of pods was on 16 September 1988, and there were subsequent
harvests when the pods were mature enough for cooking. Yield was measured as
fresh weight of harvested pods.
Finally, on 20 October 1988, when flowering and pod formation had ceased,
the plant tops were cut just above the soil surface. The fresh weight of tops were
recorded for each lysimeter. Fresh plant materials were dried in an oven at 60°C
to find the moisture content.
After harvesting plant tops, triplicate soil samples were collected down to the
water table to measure the moisture distribution gravimetrically. Other soil sam-
ples were collected with a 3.75 cm diameter and 15.0 cm long soil auger over every
15.0 cm interval down to the water table depth to measure root penetration and
density.
During the period of experiment, tensiometer and siphon observations were
recorded daily. Missing data of moisture content (in the case of tensiometer failure)
was inferred from the plots of harvest time moisture content and moisture content
before tensiometer failure (from pP curve).
4.3.2 Barley Experiment (April to July, 1989)
The soil was loosened to a depth of 20 cm as in the bean experiment. N, P, K
were applied at the rate of 75 kg N/ha, 40 kg F2 05 /ha, and 60 kg K2 0/ha,
respectively as the prescribed doses after soil analysis.
Barley seeds were sown in line on 9 April 1989. Row to row distance was 5 cm.
Plants were thinned maintaining a spacing of 5 cm between plants 20 days after
sowing. There were 350 plants in each lysimeter, a planting density of 400 m2.
On average, flowering started from 20 May 1989, and was uniform in all lysime-
ters. Grain filling started from 15 June 1989. Panicles of barley from each lysimeter
were harvested after maturity on 29 July 1989.
After collecting panicles, plant tops were cut just above the soil surface. Fresh
top weight and dry weight (oven dry at 60°C) were also recorded to measure the
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moisture content. Seeds were separated from panicles and weights were recorded
as grain yield.
After harvesting, triplicate soil samples were also collected as in the bean
experiment to determine the root penetration and density in the soil down to
water table.
During the experiment period, tensiometer and siphon readings were recorded
daily as in bean experiment. When tensiometers failed, electrical resistance read-
ings were recorded from the moisture blocks.
4.3.3 Lettuce Experiment (March to May, 1990)
Water tables in all the lysimeters were raised to the soil surface on 10tl De-
cember 1989 and left covered to prevent evaporation. The water in each lysimeter
drained to the water table with excess water draining out through the outflow hole
(Fig. 4.1). This was done to have an equhibrium soil moisture profile.
The soil was loosened on 28 March 1990, to a depth of 20 cm as in bean
and barley experiments. Only N was applied, at the rate of 100 kg N/ha as the
prescribed dose after soil analysis. Lettuce seeds were sown on the same day. Row
to row distance was 17.5 cm. Plants were thinned maintaining a spacing of 15 cm
between plants 15 days after sowing. There were 42 plants in each lysimeter, a
planting density of 45 m 2 . A high density of plants were maintained to have a
complete soil cover for high evapotranspiration rate.
Lettuces were uprooted when leaves were grown enough to eat, using a hand
shovel on 25 May 1990. Fresh top weight and root penetration length were recorded
for each plant.
Five randomly selected plants, from each lysimeter, were dried (oven dry at
60°C to find the moisture content. Root length density was measured from the
roots of same five plants.
After harvesting, soil samples were also collected as in previous experiments
to determine the moisture content of the soil down to water table.
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During the experiment period, tensiometer and siphon readings were recorded
daily as in bean and barley experiments. When tensiometers failed, electrical
resistance readings were recorded from the moisture blocks.
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Chapter V
MODELLING
Several authors have reported that capillary rise from a water table is an impor-
tant resource of water for crop production. There are different models of upward
water flow (Gardner,1958; Skaggs, 1978; Shaykewich and Stroosnijder,1977) to
take into account the capillary upward flux in the absence of crops.
Capillary rise is controlled by soil physical factors and environmental demand
and also by crop factors such as the nature of the crop and the extent and prolif-
eration of roots.
Several mathmatical models have been developed to describe water uptake by
plant roots. Some authors have used a microscopic approach (or the single root-
model) where the root is considered as a hollow cylinder, of uniform radius, infinite
length and having uniform water absorbing properties (Hillel et al., 1975; Molz and
Hornberger, 1974; Molz and Ikenberry, 1974). Others have used a macroscopic
approach (or the extraction term approach) where water uptake by the roots is
represented by a volumetric sink term added to the continuity equation for flow
of water in the soil (Reicosky et a!., 1972; Nimah and flanks, 1973; Stone et al.,
1973; Feddes et al., 1974; Hillel et a!., 1975; Feddes et al., 1976; Hillel and Talpaz,
1976; Willatt and Taylor, 1978).
The model developed here (CAPROW) accounts for capillary upward flux and
root water uptake, simultaneously, in the presence of a water table.
5.1 Capillary Upward Flux
For monodirectional upward movement of water from an initially wet profile to-
wards an evaporation zone at the soil surface, Equation (3.27) is applied (Gardner,
1958; Hillel, 1980).
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5.1.1 Computational Procedure
The capillary upward flux at each incremental increase in depth can be calcu-
lated from Equation (3.26) as follows:
—1	 (5.1)
zi+ 1 -
where the "i" subscripts refer to depth and the "j" superscripts refer to time.
The value of K() is computed at each incremental increase in depth using
Equation (3.24) as follows:
K'(ij?)=	 a	 (5.2)I	 1
where	 is the geometric mean of the matric suction of two adjacent layers
i.e. the geometric mean of and and 
'i+2' and so on. When the
soil is drying, large differences in suction near the soil surface may result in a
large difference in b used in calculating K ( Haverkamp and Vaudin, 1979 ). The
geometric mean is preferable to the arithmetic mean for representing log normally
distributed data ( Campbell, 1985 ). The log or geometric mean is a number much
more representative of the data set. But between the water table and the layer just
above water table, ' was calculated as the mean of iJ.' at the water table (& = 0)
and at 15 cm above water table. Otherwise the geometric mean would be zero
and would refer to the saturated hydraulic conductivity, K3 , which, in the real
situation, is not true. The computed capillary upward flux in this case would be
higher than actually occured.
5.1.2 Boundary Conditions
The water table is at a specified depth so that the bottom boundary is static.
Therefore, b =
	
= 0 and 0 = 0, at the water table where O,= saturation water
content.
The flow at the bottom boundary could be up or down depending on the
location of the plane of zero flux. The plane of zero flux is determined from the
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slope of the hydraulic gradient, dH/dz. The depth, where dH/dz = 0, is referred
to as the zero-flux plane. Flow will be upwards above the zero-flux plane where
dH/dz < 0. Flow will be downwards, i. e. deep percolation, to water table below
the zero-flux plane where dH/dz> 0.
The initial condition with no flow is that is equal to the height above the
water table or mathematically t = 0, '1' —z. As the initial water content is
generally high, the soil water flux will not be limited by the soil water conditions
but only by climatic conditions. As the soil continues to dry so the soil surface
will eventually become air-dry. Then the evaporation from the soil surface will be
less than that determined from climatic calculations. Soil evaporation will then be
dependent on soil water flow in the top soil layers. Soil drying may also restrict
plant root water uptake and subsequent transpiration as the soil water content
approaches the wilting point. This condition will generally be found after a much
longer time when soil evaporation falls below the potential rate.
5.2 Root Water Uptake
The general flow equation in one dimension with a sink term i.e. root water
uptake, is given by Equation (3.28) and can be expressed as follows:
Z 259
= I I —dzdt + qz1 - q -i	 (5.3)
Jo ft 1 St
where S is the sink term at depth z, q is the capillary upward flux in the z
direction, t is the time, and 9 is the volumetric moisture content. Here the sink
term is assumed as a macroscopic sink term, i.e. the volume of water extracted
from a unit volume of soil per unit time.
5.2.1 Computational Procedure
The sink term at each incremental increase in depth can be calculated as
follows:
si	 (5.4)
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= D1 +	 ( 5.5)
= D + q 1 - q_ 1 	(5.6)
where D is the average soil moisture depleted per day.
5.2.2 Boundary Conditions
Equation (5.4) applies when q 1 < 0.0 and i = 1 which is the top boundary.
Again Equation (5.5) is also for the first layer as Equation (5.4) when > 0.0
and i = 1 . In all other conditions Equation (5.6) is applied provided the moisture
deficit is in the available range i.e. between field capacity and wilting points (
15,000 cm suction head assumed). If the matric suction () has exceeded the
wilting point then the capillary upward flux in that situation is no longer available
to plant roots and considered as zero water extraction (Feddes, 1978).
5.3 Inflow to Roots
Inflow rates to roots are related to the root length density and water extraction
rate and calculated as the water uptake per unit root length density. It is expressed
as the inflow to root as the ratio of volume of water extracted from the layer to
the total length of the root in that layer. So inflow to the roots is expressed as:
Ir=xA1	 (5.7)
where
Inflow to roots,
Sz Sink term,
Ri	 Root length density,
Af = Factor related to area and depth of layer (Appendix A).
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5.4 Description of the Computer Model
The programme CAPROW is written in FORTRAN 77. The programme con-
sists of a main programme as shown in the flow chart (Fig. 5.1). Steps in the
programme are as follows:
1. Read data that includes depth of tensiometer bulbs including zero for sur-
face, time (days) of tensiometer readng (IT), matric suction (H) from ten-
siometer, and root length density (RD).
2. Calculate volumetric moisture content, THETA (0) from matric suction
using Equations (3.5), (3.6) and (3.7), respectively for various boundary
conditions.
3. Calculate moisture depleted in depth, AMD, mm for specific time interval (5
days) and then converted to moisture extraction, AMD1, mm d' (AMD1
= Dl in Equations (5.4), (5.5), and (5.6). This is continued until C > O,,,,
where 9, = volumetric water content at wilting point.
4. Calculate geometric mean of matric suction (GMH) for adjacent layers from
matric suction (H) and then calculate unsaturated hydraulic conductivity
AK, mm d 1 using Equation (5.2). After calculation of hydraulic conduc-
tivity, capillary upward flux Q(rnm d') was calculated using Equation
(5.1).
5. In calculating the sink term, only flux values (Qi) for suctions less than
wilting point were considered and separated.
6. Sink term (S) was calculated using Equations (5.4), (5.5), and (5.6) respec-
tively according to the boundary conditions outlined.
7. Root inflow rate (RI) was calculated using Equation (5.7).
The symbols written in describing the model activities steps are used in the
main CAPROW program, printed in Appendix B.
5.5 Model Input Parameters
As mentioned in the flow chart, the parameters needed to to run the model
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START
READ ocristante
dept I-
trme(tnter'vaL)
r'oot length derietty
sot L molatur'e suot ton
CALCULATE arid PRINT
THETA-voL. mote. cant.
CALCULATE and PRINT
AMDI-moteture depLeted/day
CALCULATE end PRINT
GMH, AK, Q
CALCULATE and PRINT
S-sink term
CALCULATE and PRINT
RI-root trif Low rate
END
Fig. 5. 1. FLow chart of the operat tons
of programme CAPROW.
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had to be determined. Although much data are available in the literature oii
0 - b and hydraulic conductivity (K) or diffusivity (D), it is difficult to apply and
not relevent to the experiment. For these reasons, data for the water table at 60
cm from the runner bean experiment were used to determine some soil physical
parameters to run the model.
The soil moisture characteristic was determined as outlined in chapter 4 (Sec-
tioii 4.2.2). The data were available over the wide range of water contents from
saturation to oven-dry (Fig. 6.la). The curve was divided into three segments to
describe 1' as a function of 6 as mentioned in Equations (3.5), (3.6), and (3.7),
respectively. The constants were evaluated to give the best-fit line segment to the
curve.
Hydraulic conductivity as a function K(b) was determined from the bean ex-
periment (water table at 60 cm) using laboratory and soil-water depletion methods
as detailed in sections 4.2.3.1 and 4.2.3.3, respectively and then fitted to conduc-
tivity prediction Equation (3.24). The constants of the equation were evaluated. A
wide range of matric suction data were available from tensiometer and resistance
measurements. Resistance readings were converted to soil moisture contents as
shown in Figs. 6.11 to 6.13.
Actual measurement of the root distribution at the end of the experiment was
done to avoid destructive sampling during experiment.
To apply the model under field conditions, data on the parameters are needed
under static water table conditions having similar soil physical properties. Only
information on the water table contributions to various crops under different static
water tables are available.
The model was used to simulate data available from lysimeters for a shallow
water table fixed at 90 cm depth and a deep water table fixed at 120 cm depth.
Simulation was accomplished for specific static water table depths i.e. 90 cm
and 120 cm, for shallow, medium, and deep rooted crops (Section 4.1.2).
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Chapter VI
RESULTS AND DISCUSSION
6.1	 Soil Properties
6.1.1 Bulk density
The bulk density of undisturbed core samples for three lysimeters are presented
in Table 6.1.
Table 6.1 - Bulk density of soil in lysimeters (Mean + s.d., n = 5).
Water table depth below soil s
cm
60 (WT-60)
90 (WT-90)
120 (WT-120)
Bulk density
g cm3
1.55 ± 0.07
1.56 ± 0.05
1.56 ± 0.05
It appears from Table 6.1 that compaction in each lysimeter was more or less
uniform. Assuming that the particle density of the soil is 2.65 g cm 3 , the percent
of solid space, from the relation of bulk density and particle density, is 58.70. In
other words, the saturation water content should be 0.413 crn3 (H2 0) cm 3 which
shows excellent agreement with the measured value i.e. 0.415 cm3 (H2 0) cm3.
6.1.2 Mechanical Composition of Soil
The mechanical analysis of soil was done following the method described in
chapter 4 (section 4.2.1). The percentage of the different constituents are as pre-
sented in Table 6.2.
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Table 6.2 - Mechanical composition of soil (Mean + s.d., n = 3).
Soil ( Sandy Silt loam ) constituentsl Percent
Sand	 37.2 ± 0.6
Silt	 59.3 + 2.2
Clay	 3.5 ± 0.3
6.1.3 Soil Moisture Characteristics
The average volumetric moisture content, 0 of the experimental soils from the
undisturbed samples are presented graphically in Figs. 6.la, b, c. It is observed
that the soil moisture characteristic is the same for each lysimeter. This indicates
that soils in each hysimeter were uniform both in terms of soil composition and
structure. This can be ascertained from Table 6.2.
The method of measuring the characteristic has been described in section 4.2.2.
The saturated water content determined using Haines' funnel apparatus and found
to be 0.415 + 0.01 cm3cm3.
The soil moisture suction was assumed to be a single-valued function of soil
moisture content for drying. Soil moisture characteristics have been shown to be
non-singular (Davidson et al., 1966) because they are dependent upon the rate
at which a given matric potential was established in either a wetting or drying
process. But because the experimental concern was with the soils that were drying
from an initial wet condition, the boundary drying curve can be used (Marshall
and Holmes, 1988).
The soil moisture characteristic can be tabulated i. e. as a table of 0, or
can be described as a function of 9(1'). In this study, 0 has been described as
a function of as shown in Fig. 6.la. The empirical three-straight-line semilog
models have fitted well the relationship between water content and soil water
suction. de Jong et al. (1983 ) reported that the empirical two-straight-line
models were found to be most suitable to relate soil water content to soil water
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suction. Those two-straight-line models did not describe the entire range of 0.
But in this study, three-straight-line models have described the entire range of
0 (Fig. 6.la). The number of straight-line models depends upon the nature of
the curve. de Jong (1976) also reported that the second-degree polynomial model
did not describe the relationship between water content and soil water suction
satisfactorily. According to them, a third-degree polynomial described the data
better than did the second-degree. But it was also unacceptable because it showed
local maximum and minimum values within the observed data range. de Jong
et al. (1983) reported that the power- curve model (chapter 2: section 2.1.1) of
Gardner et al. (1970) gave acceptable results for fine-textured soils but was less
satisfactory for medium- and coarse-textured soils. Straight-line semilog models
are versatile in describing the characteristic curve and are used for predicting soil
moisture content in the capillary rise and root water uptake model (CAPROW).
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Fig. 6. 1. (b) Moisture characteristic curve f or
Lysimeter WT-90.
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6.1.4 Hydraulic Conductivity
Hydraulic conductivities were determined, using methods detailed in section
4.2.3, for all the three lysimeters with different water tables.
In Table 6.3, an example of the calculation of the capillary conductivity from
lysimeter data is given. The data are from the period 23-2 8 September 1988, from
the water table at 60 cm depth using the method in section 4.2.3.3. In this period,
the amount of capillary rise was 0.397 mm. The results of such calculation are
shown in Figs. 6.2a, b and c along with the other three methods. Conductivity
values obtained from diffusivity and soil-water depletion have shown good agree-
ment compared to the drainage flux method. Conductivity values from drainage
flux are slightly higher compared to the other two. Very few data were obtained
from the drainage flux as shown in the figures because of a very slow drainage rate.
The drainage flux method is not likely to be accurate in the high moisture range,
especially for sandy soils (Hillel and Benyamini, 1973). They also reported that
there are practical limits to extending the method in the very low moisture range,
at which the rate of internal drainage may become so slow as to require a very
long time (weeks or even months) for any perceptible change to occur.
The differences in conductivities could be due to covered soil surface and the
absence of plant roots. Arya et al. (1975) observed differences between field and
laboratory measured conductivities. , According to them, the differences could be in
part due to shear and compression of the soil cores during extraction. But they did
not mention the rooting effect. Feddes (1968) showed good agreeement between
laboratory and field conductivity (obtained as in method in section 4.2.3.3) values
in the presence of cabbage roots and a water table at 90 cm depth.
The relation between K and b is presented with the functions as in Equation
(3.24), seperately in Figs. 6.2a, b and c. The constants of the equations are
calculated separately. The values of n were found to be in the range of investigated
values, 1 to 4 (Gardner and Fireman, 1958).
It was tried to fit Rijtema's (1965) conductivity function (Fig. 6.2a).
K K0.e'
	 (6.1)
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Table 6.3	 Calculation of capillary conductivity in lysimeter with
water table at 60 cm depth (from Bean experiment).
Depth b1 b2	 M	 1'	 Lq=	 —1	 K
in cm cm cm mm (5d) 1 cm C + M mm d 1 mm d 1	mm d 1 cm
below 23/8 28/8	 mm (5d)'
surfact
5	 2240 2950	 0.65	 2595	 3.147	 0.629
0.565	 126.1 0.00448 1960
15	 1200 1450	 0.60	 1325	 2.497	 0.50
0.440	 69.7 0.00632 795
30	 234 293	 1.50	 264	 1.897	 0.379
0.230	 15.5	 0.015	 140
45	 16.3 16.3	 0.0	 16.3	 0.397	 0.079
0.079	 0.0893	 0.885 8.17
60	 0.0 0.0	 0.0	 0.0	 0.397	 0.079
where
K = the hydraulic conductivity at matric suction,i/',
K0 = the texture specific saturated hydraulic conductivity, and
c = a texture specific empirical constant.
Measurements have shown that the Equation (6.1) does not hold over the entire
range of 1' values occuring in soils (Rijtema, 1965). The same function, if used for
higher values of b, gives very low values of conductivities compared to measured
values. If b exceeds a texture specific suction limit, ?,bma, an empirical equation
(6.2) has to be used (Rijtema, 1965) to describe the relationship between K and
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K = ab 14	 if > 1/'maz = 50 cm	 (6.2)
where
a = texture specific empirical constant, and
/-maz = texture specific suction limit.
After fitting the curve to data, it is observed that Equation (6.2) does not fit
(see Fig. 6.2a) as well as Gardner's equation (3.24).
The K(çb) function (Equation 3.24), with evaluated constants from laboratory
and soil-water depletion methods, is used in calculating the conductivity for all
depths throughout the experiments.
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6.1.5 Soil Moisture Suction
Soil moisture suction values (cm water) as a function of time are shown in
Figs. 6.3a, b and c for water tables 60, 90 and 120 cm deep, respectively, during
the bean experiment. It was observed that the suctions were changing very slowly.
This could be due to water draining very slowly to the water table. Tensiometers
at 5 and 15 cm depth failed to read after 70 and 85 days from sowing with water
table at 60 cm depth. A similar trend was also observed in the lysimeter with the
water table at 90 cm depth. But tensiometers failed to read after 65, 70 and 95
days from sowing in the lysimeter with the water table at 120 cm depth. This
could be due to the higher root water uptake from the upper profiles. Tensiometer
readings near the water table fluctuated in all lysimeters except the water table at
60 cm depth, possibly because of profile drainage to the water table.
But tensiometer readings in the barley experiment behaved differently for all
water table treatments. All tensiorneters in lysimeter with the water table at 60 cm
depth failed to give readings after 54 days from sowing. Only one tensiometer, just
15 cm above water table, was working in the other two lysimeters until harvest.
The behaviour of tensiometers under barley can be seen in Figs. 6.4a, b and
c, respectively, for different water table treatments. There was no fluctuation
in readings near the water table, possibly because of equilibrium water profile
establishment before starting the experiment.
In the lettuce experiment, tensiometers were working in all the lysimeters up
to harvest. Only one tensiometer, at 5 cm deth in Jysimeter with the water table at
120 cm depth, failed at 51 days from sowing. The behaviour of tensiorneters under
lettuce can be seen in Figs. 6.5a, b and c, respectively, for different water table
treatments. There was no fluctuation in readings near the water table, possibly
because of equilibrium water profile establishment before starting the experiment.
Tensiometers could be read to about 750 cm water suction which can be seen
in Figs. 6.3 to 6.4. After that tensiometers failed to read because of air-entry
through the tensiometer cup. A summary of tensiometer failure with respect to
sowing time and depth for the respective crops is presented in Tables 6.4 (bean),
6.5 (barley) and 6.6 (lettuce).
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Table 6.4 - Summary of time at which tensiometers failed (days from
sowing) at different depths for different water table treatments under
beans.
When the tensiorneters failed, resistances of the nylon resistance blocks were
recorded. Soil moisture suctions were inferred from the combined resistance cali-
bration (Fig. 6.5) and soil moisture characteristic (Fig. 6.1).
Diurnal variation of tensiometer readings are also shown in Fig. 6.7 for lysime-
ter with water table 60 cm deep under bean. Very little variation was observed at
shallow depths, especially 5 and 15 cm. Similar results were observed in lysime-
ters with the water tables 90 and 120 cm deep under different crops. Irwin and
Randolph (1958) reported that direct temperature effects were not responsible for
large diurnal variations in the tensiometers. Richards and Neal (1936) reported
a considerable variation in tensiometer readings from cups at a given depth for
different locations on a plot.
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Table 6.5 - Summary of time at which tensiometers failed (days from
sowing) at different depths for different water table treatments under
barley.
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Table 6.6 - Summary of time at which tensiometers failed (days from
sowing) at different depths for different water table treatments under
lettuce.
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6.2 Hydraulic Head Gradient and Plane of Zero Flux
Hydraulic head gradients at different depths were determined from teiisiometer
readings and plotted against time from sowing. From this, the positions of the zero
flux boundary were determined for different water table treatments under different
crops. Some examples are shown in Figs. 6.8a, b, c (bean); Figs. 6.9a, b, c (barley)
and Fig. 6.lOa, b, c (lettuce). These examples illustrate how the hydraulic head
gradient at each depth changed direction from positive to negative. The position
of the zero-flux boundary is identified with the depth at which the hydraulic head
gradient is zero ( Arya et al., 1975; Hartmann, 1984 ). The downward advance of
the plane of zero flux is also shown in Figs. 6.8 to 6.10.
In the bean experiment, the plane of zero flux moved down to 45, 75 and 75
cm depth after 80, 105 and 105 days from sowing in lysimeters with water tables
60, 90 and 120 cm deep, respectively.
But in the barley experiment, the plane of zero flux moved down to 15 cm
above water table after 30, 55 and 60 days from sowing in lysimeters with water
tables 60, 90 and 120 cm deep, respectively.
In the lettuce experiment, the plane of zero flux moved down to 15 cm above
the water table after 10, 20 and 25 days from sowing in lysimeters with water
tables 60, 90 and 120 cm deep, respectively. The plane of zero flux shifted rapidly
towards the water table because of the long time available for draining the soil
profile compared to the barley experiment.
The movement of the zero-flux plane as a function of time is presented in
Tables 6.7 (bean); 6.8 (barley) and 6.9 (lettuce).
Location of the plane of the zero flux enables us to determine upward or down-
ward flux in a soil profile in the presence or absence of water table.
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Table 6.7 - Summary of time at which zero-flux plane moved for
different water table treatments under beans.
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Table 6.8	 Summary of time at which zero-flux plane moved for
different water table treatments under barley.
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Table 6.9 - Summary of time at whicli zero-flux plane moved for
different water table treatments under lettuce.
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6.3 Soil Moisture Extraction
Graphs of the soil moisture extraction pattern under diferent crops are shown
in Figs. 6.11, 6.12 and 6.13. Graphs are drawn for each depth in the profile.
The pattern of extraction by beans was the same under the different water table
treatments. Initially an accelerating rate of water loss was observed from the 0-15
cm layer. Deeper layers showed a gradual water loss initially before undergoing a
rapid water ioss. The extraction rate is dependent on the location of the plane of
zero flux (section 6.2). In the deeper layers of the soil profile, 15 cm above water
table, there is little or no change in slope in the water content-time curves.
But moisture extraction patterns by barley differed from those by beans.
Progress of extraction to the deeper layers was more rapid. There was no change
of water content at depth 15 cm above the water table up to 50 and 60 days of
growth in water tables 90 and 120 cm deep, respectively. Plants were extracting
moisture from deeper layers gradually in the lysimeters with water tables 90 and
120 cm deep. But extraction rates were accelerated from deeper layers when shal-
low layers were exhausted. After an elapse of time, the extraction rate was rapid
at 45 cm depth in the lysimeter with the water table at 60 cm depth.
The moisture extraction by lettuce was only confined to the top 0-5 cm depth
in all the lysimeters. The change of moisture in the lower layers was caused by
the upward flux to the upper layer to satisfy the crop water demand. The upper
layer (0-5 cm) showed rapid moisture extraction while deeper layers had only a
slow change rate due to upward flux. The moisture content in the top layer was
above the wilting point in all the lysimeters up to harvest.
The point at which the rate of water extraction starts to increase at each depth,
represents the arrival of the drying front associated with root water extraction,
and this information may be used to distinguish drainage from evaporation losses
of water from the soil. Water losses from all depth intervals are most strongly
influenced by the growth stages (sowing, vegetative, flowering, maturity etc.) of
the plants from sowing. This is also reported by Arya et al. (1975 ).
The depth of soil to which an accelerated rate of soil drying is observed can be
considered as an "effective rooting depth" and by tracing the course of drying for
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successive depths in the profile information can be obtained about the deve'opment
of rooting. The same concept was reported by McGowan (1973).
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6.4 Soil Water Flux
Examples of soil water flux as a function of time are shown in Figs. 6.14a,
b, c (bean); Figs. 6.16a, b, c (barley) and Figs. 6.18a, b, c (lettuce). Fluxes are
measured as a function of depth using Equation (3.27) above the water table, and
determined from the inflow from the Mariotte siphon at the water table. At the
beginning of growing period i.e. seedling to emergence, fluxes were not sigicificant.
Therefore, fluxes for bean and barley were measured from the 20th day of sowing
and for lettuce from the 15th day after sowing.
111 the bean experiment, there was drainage to the water table almost through-
out the growing period (Figs. 6.14a, b, c). In the lysimeter with water table at 60
cm, upward flux was mainly from the top 15 cm layer up to 45 days from sowing.
Upward flux from the 15-30 cm layer started when the plane of zero flux moved
down to 30 cm depth (Table 6.7 and Fig. 6.14a). The sharp decrease in soil water
flux was caused by rapid decrease in soil moisture content. Soil water flux was
mainly from top 15 cm layer up to 40 days of sowing in the lysimeter with the
water table at 90 cm. Then the upward flux from the 5 cm layer decreased but
started to increase from 30 and 45 cm depth. There was no upward flux from
60 and 75 cm depth up to 105 days from sowing (Fig. 6.14b). The upward flux
moved deeper with the decrease of soil moisture content. The changes of hydraulic
conductivity as a function of depth due to soil moisture changes in beans is shown
in Figs. 6.15a, b, c. A similar trend was observed in the lysimeter with the water
table at 120 cm (Fig. 6.14c and Fig. 6.15c). There was no upward flux from 90
and 105 cm depth; rather there was downward flow.
In the barley experiment, drainage was observed in lysimeters with water tables
at 90 and 120 cm up to 55 and 60 days from sowing, respectively (Figs. 6.1Gb, c).
There was a very small rate of drainage in the lysimeter with water table at 60 cm
depth up to 30 days from sowing (Fig. 6.16a). Upward flux was diminishing from
shallow depths and was increasing in deeper layers. In the lysimeter with a water
table at 60 cm, upward flux was almost zero at 15 cm depth above the water table
(Fig. 6.16a). But in the other two lysimeters, upward flux from 15 cm depth above
the water table was initiated after 55 and 60 days from sowing, respectively and
was almost constant up to harvest (Figs. 6.1Gb, c). This is due to rapid extraction
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of soil moisture. Hydraulic conductivity as a function of depth due to soil moisture
changes in barley is shown in Figs. G.17a, b, c. The experiment was started when
soil profiles had almost saturated hydraulic conductivity at different depths (Figs.
6.17a, b, c). The upper layers were exhausted in terms of available water due to
water uptake by roots.
In the lettuce experiment, drainage was observed up to 9, 19 and 24 days
from sowing in lysimeters with water tables 60, 90 and 120 cm deep, respectively
(Table 6.9 and Figs. 6.18a, b, c). After that, an upward flux was observed in
all the lysimeters. Higher fluxes were observed at 15 cm above the water table
in the lysimeter with water table at 60 cm compared to the other two lysimeters.
The changes of hydraulic conductivity as a function of depth due to soil moisture
changes in lettuce is shown in Figs.6.19a, b, c.
The sharp decrease in soil water flux was caused primarily by the hydraulic
conductivity's dramatic change with depth (Reicosky et al., 1972). The trans-
mitting ability of the profile is limited by the hydraulic conductivity of the soil
in relation to the suction in presence of water table (Marshall and Holmes, 1988;
Hillel, 1980). The upward flux is not only controlled by the the crop water de-
mand, but is rather a simultaneous function of crop water demand and the profile's
transmitting property.
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6.5 Capillary Rise from Water Table
There was no capillary rise in lysimeters with water tables 90 and 120 cm deep
under bean. The reason was the location of the plane of zero flux. In these two
lysimeters, the planes of zero flux were above the water table (Table 6.7 and Figs.
6.8b, c). Very small amounts of capillary rise occured in the lysimeter with water
table at 60 cm. Total measured amount of water contributed from the water table
was 2.5 mm (Table 6.10). This is ascertained from the movement of the zero-flux
plane towards water table (Fig 6.8a, and Table 6.7). Although the plane of zero-
flux moved down to 45 cm depth on 80 days after sowing, an upward flux occurred
on 100 days after sowing and continued until harvest.
Table 6.10	 Components of the water balance equation (mm) for
different water tables after harvest of bean (1988).
Water table	 Evapo-	 Soil water	 Upward
depth	 transpiration	 depletion	 flux
below	 (E)	 ____ (tW) ____ (C) ____
soil
surface	 meas-	 simu-	 meas-	 simu- meas- simu-
cm	 ured	 lated	 ured	 lated ured lated
60	 55.2	 54.5	 52.7	 53.8	 2.5	 0.7
90	 63.2	 67.7	 63.2	 67.1	 -	 0.6
120	 84.0	 90.4	 84.0	 90.4	 -	 -
Capillary rise from the water table contributed to the total evapotranspiration
from all water table depths in barley (Table 6.11). Capillary rise started from the
day the plane of zero flux moved down to 15 cm depth above the water table (Table
6.8). Measured capillary rise from the water table in different lysimeters is shown
graphically (Fig. 6.20).
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Table 6.11 - Components of the water balance equation (mm) for
different water tables after harvest of barley (1989).
Water table	 Evapo-	 Soil water	 Upward
depth	 transpiration	 depletion	 flux
below	 (E)	 ___ (zW) ___ (C) ____
soil
surface	 meas-	 simu-	 meas-	 simu- meas- simu-
cm	 ured	 lated	 ured	 lated ured lated
60	 166.4	 172.1	 121.9	 129.0	 45.0	 43.1
90	 222.0	 229.1	 185.5	 193.7	 36.5	 35.4
120	 277.3	 286.3	 245.8	 256.6	 31.5	 29.7
Capillary rise from the water table contributed to the evaporative demand of
lettuce from all water table depths (Table 6.12). Capillary rise started from the
day the plane of zero flux moved down to 15 cm above the water table (Fig. 6.10
and Table 6.9). Measured capillary rise from the water table in different lysirneters
is shown graphically (Fig. 6.21). The capillary contribution increased slowly in
the lysimeter with the water table at 60 cm. But, in the other two lysimeters,
a larger capillary contribution was observed at the begining (Fig. 6.21), which
then declined. The decrease of the capillary contribution from the water table is
associated with the atmospheric demand (Fig. 6.28).
Soil water does not attain equilibrium even in the absence of vegetation, since
the soil surface is subjected to solar radiation and the evaporative demand of the
ambient atmosphere (Hillel, 1980). If soil is of stable strucrure, the water table is
stationary, and the atmospheric evaporativity also remains constant, then in time,
a steady-state flow situation may develop from water table to atmosphere via the
soil (Hillel, 1980). Initial profile water equilibrium at the begining of experiment
promotes steady-state capillary rise through evaporation from soil surface and
increasing suction at shallow depth. For the same reason, although lettuce had a
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Table 6.12 - Components of the water balance equation (mm) for
different water table after harvest of lettuce (1990).
Water table	 Evapo-	 Soil water	 Upward
depth	 transpiration	 depletion	 flux
below	 (E)	 ____ (LiW) ___ (C) ____
soil
surface	 meas-	 simu-	 meas-	 simu- meas- simu-
cm	 ured	 lated	 ured	 lated ured lated
60	 47.5	 47.2	 31.0	 32.1	 16.5	 15.1
90	 48.0	 50.3	 41.5	 42.4	 6.5	 7.9
120	 50.0	 51.7	 47.0	 48.2	 3.0	 3.5
very shallow rooting system (0-5 cm), the water table contributed to its evaporative
demand. In practice, capillary rise from the water table is a very complex process,
because of a combination of different factors. If plane of zero flux is above the
water table, then there will be no capillary upward flux from the water table. For
this reason, there was no capillary rise in lysimeters with the water table at 90 and
120 cm under beans. Other factors related to capillary rise are type of crop (root
distribution) and atmospheric demand. If crop water demand is satisfied from the
upper layers, the drying front is confined just below the rooting system of the crop.
Upward flux occurred significantly in the presence of soybean roots (Arya et al.,
1975). Fig. 6.20 and Fig. 6.21 suggest that capillary rise in barley and lettuce is
associated with the drying of upper layers (Fig. 6.4, Fig. 6.12; Fig. 6.5, Fig. 6.13),
profile equilibrium, movement of the plane of zero flux (Fig. 6.9 and Fig. 6.10),
and higher evaporative demand due to gradual growth of the crop (Fig. 6.20, Fig.
6.27; Fig. 6.21, Fig. 6.28).
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6.6 Root Water Uptake
Root water uptake (sink term) was measured using Equations (3.24), (3.27),
(3.28) and Figs. 6.la, b, c. Root water uptake as a function of time at different
depths is shown in Figs. 6.22a, b, c for bean, Figs. 6.23a, b, c for barley and
Figs. 6.24a for lettuce. At the beginning of the growing period i.e. seedling to
emergence, the sink terms were not significant. Therefore, the sink terms for beau
and barley were measured from the 20th day after sowing and for lettuce from the
15th day after sowing.
In the early part of the bean experiment, the sink was confined to a 5 cm depth
up to 50 days of sowing in the lysimeter with the water table at 60 cm. As time
passed, the sink moved down to 15 .cm depth and the maximum sink was observed
at 55 days after sowing. Later in the experiment, the sink was confined up to 15
cm depth (Fig. 6.22a). The sink moved to 15 and 30 cm depths after 55 and 80
days, respectively in the lysimeter with the water table at 90 cm and declined to
about zero near harvest time (Fig. 6.22b). The sink was confined to 5 cm depth
in the lysimeter with the water table at 120 cm up to 40 days from sowing (Fig
6.22c). After that, the sink started to go deeper as time passed. Lastly the sink
moved down to 45 cm depth. Sink activity at 5 cm depth was almost constant
throughout the experiment and tended to zero at harvest.
In the barley experiment, the sink moved down into deeper layers faster com-
pared to beans. In all the lysimeters, maximum sink activity was found to be
between 55-60 days after sowing. Sink activity was exhausted at all depths (Fig.
6.23a) within 65 days in the lysimeter with water table at 60 cm. After that, the
sink at 45 cm depth was dependent on capillary rise from the water table (Fig.
6.20). Capillary rise was almost constant from the 80th day to harvest. A similar
trend was observed in the lysimeter with the water table at 90 cm (Fig. 23b). The
period of maximum sink activity in the lysimeter with the water table at 120 cm
was the same as the other two (Fig. 6.23c).
The sink term in the lettuce was confined to the top layer (0-5 cm). The sink
did not go deeper (Fig. 6.24) because the roots oniy penetrated to 5 cm.
These results indicate that in the later part of the experiment maximum water
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absorption was occuring in the capillary fringe just above the water table, especially
in barley. The maximum sink value increased with time, and tended to increase in
depth with time. A similar result also reported by Reicosky et al. (1972). Changes
in the suction patterns with the crop growth reflect changing distribution of roots
in the soil profile (Fig. 6.3 and Fig. 6.5). Water use patterns also explained the
phenomenon (Figs. 6.20 b, c, d; Figs. 6.21 b, c, d). These changes have affected
water losses from the different soil layers. It is to be noted that the total uptake
for the profile is given by the sum of the uptake from individual layers. Water
losses from all depths are most strongly influenced by the age of the plants (Arya
et al., 1975). Water uptake was initially confined to surface layers. When the
upper layers get dry, the root system penetrates deeper into the soil in search of
water. So the zone of maximum root activity moves downward and water uptake
from the upper layers becomes less important. This has also been reported by
several authors (Taylor and Kiepper, 1971; Alimaras et al., 1975; Gregory et al.,
1978; Gregory, 1988).
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6.6.1 Sink Term and Suction
The variation in the sink term with suction at 5 cm depth is shown for beans
(Fig. 6.25a), barley (Fig. 6.25b) and lettuce (Fig. 6.25c). The general shape of the
sink term as a function of suction, hypothesized by Feddes and Zaradny (1978),
is shown in Fig. 6.25d. Feddes and Zaradny (1978) used this as an input to their
model.
It is assumed that under conditions wetter than at anaerobiosis point (mi) and
drier than wilting point (1 3 ), the sink term is zero. Suction at anaerobiosis is
found in the range of 55-100 cm of water for three different crops. After elapse of
time, the sink term is limited by the soil moisture suction, referred as the limiting
point (1'2).
The suction ('2) at which soil moisture begins to limit the plant growth is
difficult to define but found in the range 3500-5000 cm of water for bean and
barley. Feddes et al. (1978) have taken a constant limiting value (1000 cm of
water) in their model of water uptake by roots. The value of ib2 in fact is not a
constant but it varies with demand of the type of crop and atmosphere. Under
conditions of high evaporative demand, a drop in the root water uptake generally
occurs at lower b values than under conditions of low demand (Yang and de Jong,
1972).
At the begining of the growing period, the sink terms were not significant (as
mentioned in section 6.6). Ritchie (1972) mentioned that at the early stage of
crop growth, the evaporation rate from the entire field surface is dominated by
the soil evaporation rate. These explain the similarities of general hypothesis of
Feddes and Zaradny, 1978 (Fig. 6.25d) at the begining of growing period. But
as the plant cover increases, the sink term dominates. But it is observed that the
sink term does not attain suddenly the maximum value at the anaerobiosis point
() and is not constant up to the limiting point (&2) as in the hypothesis (Fig.
6.25d). The changes of the sink term between anaerobiosis (b) and limiting point
('2) are not linear (Fig. 6.25a, b, c) with the increase of suction. The sink term
fluctuated, depending on the demand of the plant and atmosphere. This does not
agree with the general shape of the sink term hypothesis by Feddes and Zaradny
(1978).
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6.6.2 Inflow Rate to Roots
Because of difficulties in measuring root distribution (non destructive) during
the experiments, water uptake by plant roots was evaluated using the sink term in
the continuity equation. Drying front advance has given an indication of effective
rooting depth (McGowan, 1973). Matric suctions (Fig. 6.3 to Fig 6.4) and water
table contributions (Fig. 6.20) have indicated downward root development. The
results suggest that the root grew downward faster than water could move up
through the soil. Once the roots reached the capillary fringe, they were able to
extract water to supply the tops with all the water used. Root length density,
measured at the end of each experiment,is shown in Table 6.13 (beans), Table 6.14
(barley) and Table 6.15 (lettuce). Root distribution in barley as a function of
depth was more uniform compared to beans. Root length density in lettuce was
almost the same in the different water table treatments.
Fig. 6.24 indicates that root water extraction in lettuce occured only in the top
layer. Lettuce being shallow-rooted, the water table contributed (Fig. 6.21) to crop
water use by transmitting water through the soil between the water table and the
root zone. Initial profile moisture equilibrium and plane of zero flux 15 cm above
the water table played an important role for capillary rise from the water table.
A small potential gradient development with higher hydraulic conductivity of the
profile promoted capillary fringe activity from the water table to 5.0 cm depth
below the soil surface. Thus the capillary rise from the water table contributed to
the evaporative demand of the crop by replenishing the soil moisture store so that
there was a gradual change in the soil moisture profile, not a steep drying front as
in barley (Figs. 6.12a, b, c).
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Table 6.13 - Root length density (R1) and inflow to roots (It ) in each
lysimeter for bean (Mean ± s.d.,n=3).
Depth Depth
60
cm[
	
(R?)
0-15 2.01 ± 0.88
15-30 0.07 ± 0.06
	
30-45	 -
	
45-60	 -
60-75
75-90
90- 105
105- 120
to water	 table	 from	 soil	 surface
I	 90	 I	 120
(I)	 (Rfl	 (I	 (R*)	 (Ii)
0.19	 1.32 ± 0.34 0.30 1.56 ± 0.48 0.26
6.26
	
	 0.07 ± 0.008 2.75 0.17 ± 0.08 1.97
0.04 ± 0.009 1.70 0.42 ± 0.22 0.54
0.01 ± 0.001	 0.15 ± 0.04 1.88
With the measured root length density and computed sink term, inflow rate to
the roots was calculated as a function of depth. A very small proportion of roots
at the tip was absorbing maximum water in case of bean (Table 6.13) above zero
flux plane. The average inflow rate to roots were 3.23 x 10-2, 1.58 x 102 and
1.16 x 10-2 crn3 (water) cm 1 (root) d' in lysimeters with water tables 60, 90 and
120 cm deep, respectively.
* cm(root)cm 3 (soil).
t lO 2 cim3 (water) cm1(root)d'
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Table 6.14 - Root length density (Rz) and inflow to roots (Ir) in each
lysimeter for barley (Mean ± s.d.,n=3).
Depth	 Depth
60
cml
	
(R*)
0-15 1.90 + 0.024
15-30 0.56 + 0.012
30-45 0.51 ± 0.016
45-60 0.36 ± 0.025
60-75
75-90
90-105
105-120
to water	 table	 from	 soil	 surface
I	 90	 I	 120
(4)	 (Rfl	 (Ri) I (')
0.15	 3.11 + 0.067 0.13 2.40 + 0.048 0.11
1.01	 0.70 ± 0.014 0.68 0.91 ± 0.033 0.26
1.60	 0.41 ± 0.043 1.90 0.38 ± 0.017 1.99
1.67 0.32 ± 0.037 2.23 0.26 ± 0.017 3.63
0.30 + 0.024 2.0 0.24 ± 0.012 4.25
0.26 + 0.016 1.92 0.18 ± 0.008 5.86
0.16 ± 0.012 5.17
0.11 ± 0.008 2.46
* cm(root)cm3(soil).
t lO2crn3(water)cm1(root)d1.
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Table 6.15 - Root length density (R 1 ) and inflow to roots (It ) in each
lysimeter for lettuce (Mean ± s.d.,n=3).
Depti	 Depth	 to water	 table	 from	 soil	 surface
60	 90	 120
cm	 (Rt)	 (I	 (Rt)	 (1)	 (R*)	 (I)
0- 5 0.31 ± 0.005 10.65 0.32 + 0.006 8.37 0.34 ± 11.07 0.11
In barley, 10.8, 5.1 and 2.4% of roots were absorbing water from capillary
fringe in lysimeters with water tables 60, 90 and 120 cm deep, respectively. Inflow
rate to roots are given in Table 6.14. The average inflow rate to roots were 1.1 x
10- 2 ,
 1.5 x lO 2 and 3.0 x 10 2 cm3 (water) cm'(root) d' in lysimeters with water
tables 60, 90 and 120 cm deep, respectively.
Inflow rates to roots were 0.107, 0.084 and 0.111 cm3 (water)cm 1 (root)d 1 in
lysimeters with water tables 60, 90 and 120 cm deep, respectively in lettuce (Table
6.15).
Values from 10- 1 to 10 3 cm3 (water) cm'(root) d are common in many
studies (Gregory, 1988).
* cm(root)cm 3
 (soil).
f 102cm3(water)cm'(root)d1
162
6.7 Water Table Contribution, Yield and Water Use of Crops
Individual components which govern the net soil water change (LW) over a
certain time interval are given by the water balance equation:
iiW=P—E+L—R+C—D	 (6.3)
where
P = precipitation,
E = actual evapotranspiration,
L = lateral inflow,
R = lateral outflow,
C = capillary rise from water table, and
D = deep percolation.
With no irrigation and controlled conditions of the lysimeters in a glasshouse,
E=—iW+C	 (6.4)
As mentioned before (section 6.5), when the zero-flux plane was above the
water table, C = 0, so that E = —iW. When the water table contributed to crop
evapotranspiration, Equation (6.4) was applied.
A summary of different water table effects is presented in Table 6.16, Table
6.17 and Table 6.18 for bean, barley and lettuce, respectively. A statistical analysis
was not possible because of only one replication for each water table treatment.
Fresh bean yield, top fresh yield, drymatter yield and water use efficiency
(yield per unit quantity of water use) were found to be maximum in the lysimeter
with the water table at 120 cm, possibly due to better root aeration as a result of
the deep water table. It was mentioned before that the experiment could not be
started with an equilibrium water profile. Plants in lysimeters with water tables at
90 and 120 cm exploited only soil water storage. But in the lysimeter with water
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table at 60 cm depth, there was a very small water table contribution, only 4.5%
of E (Table 6.16).
The total water use by barley (Table 6.17) was highest in the lysimeter with
the water table at 120 cm. This is because of the deep profile water exploitation in
addition to the water table contribution. For the same reason, the total water use in
the lysimeter with the water table at 90 cm was greater than in the lysimeter with
the water table at 60 cm. It is reported by several investigators (chapter2:section
2.2, 2.3) that in the presence of a water table and with irrigated conditions, the
total water use is always higher with a shallow water table. Results presented here
are for the water table contribution under unirrigated conditions. The water use
effeciency (WUE) was highest in lysimeters with a water table at 60 and 90 cm.
The water table contributed to about 27.0, 16.4 and 11.4 % of evapotranspiration
of barley (Table 6.17), in lysimeters with water tables 60, 90 and 120 cm deep,
respectively.
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Table 6.16 - Fresh bean yield, top fresh yield, drymatter yield and
proportion, water use and efficiency for different water table
treatments.
Fresh Top Dry-	 Dry-	 Water	 Total Capillar
	
Wate: bean fresh matte matter
	 use	 water	 contri-
	
table yield yield yield prop-
	 effic-	 use, E	 bution, 100 C/E
depth	 ortion	 iency	 (profile-F
	
C
capillary)
cm g m 2 g m 2 g m 2	 g mm 1 (1120; mm	 mm
60	 809.2 950.7 174.2 0.183
	 14.7	 55.2	 2.5	 4.5
90	 640.4 653.8 126.9 0.194
	 10.1	 63.2	 -	 -
	
120 1472.1 2709.4 442.5 0.163
	 16.3	 90.4	 -	 -
In contrast top fresh yield, drymatter yield and water use efficiency in lettuce
were found to be maximum in the lysimeter with a water table at 60 cm. The
highest yield was obtained in that lysimeter because crop water demand was satis-
fied both from soil store and the shallow water table through the capillary fringe,
compared to the other two lysimeters. Soil moisture suctions were lower than with
water tables 90 and 120 cm deep (Fig. 6.5). Lettuce exploited more stored soil
water in lysimeters with water tables 90 and 120 cm deep compared to 60 cm deep
water table. Maximum water table contribution occurred in the shallow water
table treatment. The water table contributed to about 34.7, 13.5 and 6.0 % of
evapotranspiration (Table 6.18) in lysimeters with water tables 60, 90 and 120 cm
deep, respectively.
These results confirm earlier findings (Table 2.4) but without surface water
application.
* during last 13 days.
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Table 6.17 - Yield of barley, top fresh yield, drymatter yield and
proportion, water use and efficiency for different water table
treatments.
Grain Top Dry-	 Dry-	 Water	 Total Capillary
Watei	 fresh matte matter 	 use	 water	 contri-
	
table yield yield yield prop-	 effic-	 use, E	 bution, 100 C/E
depth	 ortion	 iency	 (profile+	 C
capillary)
cm g m 2
 g m 2 g m 2	g mm'(H2 0 mm	 mm
60	 307.1 764.9 481.6 0.629	 1.8	 166.4	 45.0	 27.0
90	 401.1 821.6 583.6 0.710	 1.8	 222.0	 36.5	 16.4
120	 308.2 1019.	 614.2 0.602	 1.1	 277.3	 31.5	 11.4
Table 6.18 - Fresh lettuce yield, drymatter yield and proportion,
water use and efficiency for different water table treatments.
Fresh Dry-	 Dry-	 Water	 Total Capillar
	
Watei lettuce matte: matter 	 use	 water	 contri-
	
table yield yield prop-	 effic-	 use, E bution, 100 C/E
depth	 ortion	 iency	 (profile+	 C
capillary)
cm g m 2
 g m 2	g mm' (H2 0) mm	 mm
60	 3774	 296.7 0.079	 79.5	 47.5	 16.5	 34.7
90	 3129	 207.3 0.066	 65.2	 48.0	 6.5	 13.5
120	 2607	 207.0 0.079	 52.2	 50.0	 3.0	 6.0
Measured evapotranspiration values are shown graphically as a function of
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time (Figs. 6.26, 6.27 and 6.28) for bean, barley and lettuce. In bean, after
establishment of the crop, evaporative demand was increasing after the elapse of
time. Depending on the demand of crop and atmosphere, evapotranspiration rates
were almost constant up to harvest with little variation in all lysimeters. A slightly
higher evapotranspiration rate was observed in the lysimeter with a water table at
120 cm for a period of 90-113 days of sowing.
The values of evapotranspiration for the three lysimeters with barley followed a
similar pattern (Fig. 6.27) i. e. they increased steadily up to the 30 days from sow-
ing and then declined for 2 weeks. This may be due to a fall in atmospheric demand,
depending on weather factors or crop environment in the glasshouse (maximum-
minimum temperature record showed a fall of temperature in that period). Evap-
otranspiration then again increased to a peak at about mid-period from sowing
and declined at the end of harvest. Peak rates were observed about the same time
i. e. period between 45-65 days from sowing. Peak E values were 3.89, 4.48 and
4.87 mm d' in lysimeters with water tables 60, 90 and 120 cm deep, respectively;
the average daily E values were 1.5, 2.0 and 2.5 mm d', respectively.
The values of evapotranspiration for the lysimeters in lettuce followed a similar
pattern (Fig. 6.28) i.e. they increased steadily up to 40 days from sowing and then
declined for 5 days during dull weather. This is evident from the daily free water
evaporation record (Fig. 6.28). Peak rates were observed at the same time in all
the lysimeters. Peak E values were 2.05, 1.08 and 1.8 mm d in lysimeters with
water tables 60, 90 and 120 cm deep respectively; the average daily E rates were
0.83, 0.84 and 0.88 mm d', respectively.
From Tables 6.16, 6.17, total evapotranspiration and fresh bio-mass are directly
related to the water table depth under unirrigated conditions for bean and barley.
But in lettuce top fresh yield is inversely related to the water table depth (Table
6.18). This higher top fresh yield above the shallow water table is due to easily
available water both from the soil store and the water table.
Feddes (1968) reported the rise and fall of evpotranspiration of cabbage due
to change of atmospheric demand.
It is difficult to relate yield to water table depth in bean, barley and lettuce
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under no surface water application. It is not possible to calculate statistically
significant differences in yield, because the treatments were not replicated.
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6.8 Separation of Evaporation and Transpiration
Using the total sink term from the profile per day (Si ) and water use per
day, the evaporation rate from the soil can be partitioned from the following re-
lation assuming that the total sink term from the profile per day represents the
transpiration rate per day (T).
E=e-FT
	 (6.5)
T =	 (6.6)
where
e = evaporation from soil,
E = evapotranspiration,
T = transpiration by the crop, i.e. total water uptake by the plants from the
profile, and
S = sink term from 11 layers.
From Equations (6.5) and (6.6), evaporation from soil can be represented by
e=
e = iW + C -
	
Si [from Eq.(6.4)]	 (6.7)
The principle of the method is given here, but no results are quoted because,
when there is complete crop cover, e is approximately zero, and the attendant
errors in calculating e is large.
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6.9 Simulation
The simulation refers to the conditions outlined in chapter 5 (section 5.5).
Besides simulation, different parameters (e. g. upward flux, sink term) were deter-
mined (section 6.4, 6.6) based on the physical constants (Fig. 6.2 b, c) measured
for individual water table treatments. CAPROW was used to simulate results
under the boundary conditions outlined in chapter 5 (sections 5.1 and 5.2), for
lysimeters with water tables 60, 90 and 120 cm deep for three different crops.
Comparing soil moisture as a function of depth is one of the means to verify the
results of the model. Comparisons of measured and simulated volumetric moisture
contents as a function of depth for differentcrops are shown in Figs. 6.29a, b,
(bean); Figs. 6.30a, b, c (barley) and Figs. 6.31a, b, c (lettuce), respectively.
Soil moisture measurements were made only at the end of an experiment to avoid
disturbence of the system. There was generally excellent agreement between the
measured and simulated water contents for all water table treatments under dif-
ferent crops. This may be due to the stable hydraulic properties of the soil. Torres
and Hanks (1989) reported good agreement between the measured and simulated
water content profiles at the end of 52 days. They mentioned that the agreement
was best for the conditions near the water table, where a water table existed, and
worst near the soil surface. Feddes et al. (1978) reported the general agreement
between the measured and simulated moisture contents.
Another way of comparison could be measured and simulated upward flux.
Tables 6.10, 6.11 and 6.12 show comparison of measured cumulative upward flow
from the water table and simulated cumulative upward soil water flux from the
effective root zone depth over the entire growth period for all the lysimeters. There
was excellent agreement between measured and simulated upward flux for all wa-
ter table treatments in barley and lettuce. Ragab and Amer (1986) showed good
agreement between the measured and simulated upward flux in their maize exper-
iment. They measured upward flux at a depth below the effective root zone of
maize. In their experiment, water table and effective root zone depths were 68 and
45 cm, respectively.
Comparing total water use is also another way of verifying the results of the
model. Equation (6.4) was used to measure the total water use. Soil water deple-
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tions were measured from the measured characteristics for individual lysimeters.
The water table contribution was directly measured (section 4.1.4). Simulated soil
water depletion and upward fluxes were obtained as outlined in section 5.1 and
5.2. The total water use generally has shown good agreement between measured
and simulated values (Tables 6.10, 6.11 and 6.12).
Simulated fluxes as a function of depth were the same as the measured ones
(Figs. 6.14b, c; 6.1Gb, c and 6.18b, c) in the lysimeters with water tables 90 and 120
cm deep under three different crops. Simulated sink terms for the same lysimeters
showed similar trends as those measured ones (Figs. 6.22b, C; 6.23b, C; 6.24). For
this reason, simulated fluxes and sink terms as a function of depth are not shown
graphically.
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Chapter VII
SUMMARY AND CONCLUSIONS
7.1 Soil Properties
The soil moisture characteristic for the entire moisture range was determined
in the laboratory using suction plate, pressure plate and vapour equilibrium meth-
ods. The empirical three-straight-line semi-log models fitted well these laboratory
determined soil moisture characteristics. The same straight-line semi-log models
were used for predicting soil moisture content in the developed simulation model
(CAPROW).
Unsaturated hydraulic conductivity of the experimental soil was determined
from measurements of diffusivity on undisturbed cores in the laboratory, and in
situ using both the drainage flux method and the measurements on soil-water
depletion. Conductivity values obtained from the diffusivity measurements and
measurements on the soil-water depletion agreed well, but were smaller than those
obtained using the drainage flux method. Gardner's (1958) and Rijtema's (1965)
conductivity functions were used to fit data. Gardner's conducitvity function fitted
the data well having a value of n = 1.05, within the investigated range of 1 for
heavy soils and 4 for very coarse-textured soils.
7.2 Capillary Contribution
The study confirms that successful exploitation of the water table needs to
have an initial equilibrium soil moisture profile irrespective of crop type, depth to
water table and crop water demand. In this context, at the water table, hydraulic
gradient dH/dz < 0 and continuous capillary rise will occur.
Because the initial soil moisture suction profile was not in equlibrium, there
was no capillary rise in beans with water tables 90 and 120 cm deep and only
a small amount (4.5% of E) with water table at 60 cm depth. The water table
contributed to about 27.0, 16.4 and 11.4% of water use of barley for 60, 90 and
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120 cm water table depths, respectively. For lettuce, the measured contribution of
the water table to evapotranspiration was 34.7, 13.5 and 6.0%, respectively.
The results indicate that a properly managed water table is a potential resource
of subirrigation for shallow, medium and deep-rooted crops.
7.3 Root Water Uptake
The water uptake by roots was evaluated using the sink term added to the con-
tinuity Equation (3.28). The sink term in bean and barley penetrated deeper after
exhausting soil moisture in the surface layer. But in lettuce, the sink term was
confined to the top layer (0-5 cm) up to harvest. Because there was an equlibrium
soil moisture profile at the start of the experiment, the water table contributed
directly to the crop water demand instead of the soil water store becoming ex-
hausted in the top layers. In contrast to the hypothesis of Feddes and Zaradny
(1978), the sink term is not constant as suction increases between anaerobiosis and
the limiting point, for three different crops.
In bean and barley, it is apparent from the soil moisture suction profiles that
the root grew downward faster than water could move up from the water table.
In barley, 10.8, 5.1 and 2.5% of roots near the water table were absorbing water
from capillary fringe at 60, 90 and 120 cm water table depths, respectively.
7.4 Model Prediction
Prediction of soil moisture content using three-straight-line semi-log models for
the moisture characteristic in CAPROW at harvest agreed well with the measured
values for all crops.
There was a good agreement between cumulative measured and simulated cap-
illary upward flux from the water table in barley and lettuce.
Simulated fluxes and sink terms as a function of time at different depths for
90 and 120 cm water tables showed similar trends as those measured under three
different crops.
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7.5 Future Extension
This study is on the contribution by the water table to crop water use under
conditions of no surface water application. The same study could be extended to
evaluate the physics of water table contribution when water is applied to the soil
surface.
It should be mentioned here that the desorption curve O(çb) can only be used
for drying. In the case of wetting and drying simultaneously, hysteresis has to be
considered to avoid error. If there is hysteresis, the K(9) function should be used
instead of K(i/.'), from the direct measurement of 0 instead of values inferred from
In field conditions, the water table is not constant at a particular depth, rather
it is variable for each and every location. So the study could bfurther be extended
to study the physics of the water table contributrion under variable water table
depths for differing root systems.
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Appendix A
CALCULATION OF INFLOW TO ROOTS: Factor A1
 = 0.067
Lysimeter diameter 108.0 cm
Lysimeter area = 7rr 2
 = r x 542cm2
Length of root in each 15 cm layer:
= LysimeterArea x depth x root density
= r x 542 cm2 x 15cm x root density cm(root) cm 3 (soil)
= 137400 x root density cm(root)
Volume of water extraction:
= Lysimeter Area x Sink term
= ir x 542 cm2 x sink term cm(H2 0) d1
= 9160 x Sink term cm3 (H2 0) d1
/
Inflow to root = Volume of water extracted / Length of root
Sink term0.067 X Boot density crn3 (H2 0) cm 1 (root) d1
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Appendix B
CAPROW SIMULATION PROGRAMME WRITTEN IN FORTRAN 77 DE-
VELOPED BY AHMAD ALT HASSAN, UNIVERSITY OF NEWCASTLE UPON
TYNE, ENGLAND NE1 7RU, U. K.
*
	
SIMULATION OF CAPILLARY RISE AND ROOT WATER UPTAKE
*
	
(CAPROW) IN PRESENCE OF HIGH WATER TABLE.
*
	
GLOSSARY OF SYMBOLS
*
	
A = CONSTANT OF GARDNER'S EQUATION
*
	
Al = CONSTANT OF SUCTION vs THETA RELATION EQUATION
*
	
FROM SOIL MOISTURE CHARACTERISTIC.
*
	
A2 = SAME AS Al
*
	
A3 = SANE AS Al
*
	
AK = UNSATURATED HYDRAULIC CONDUCTIVITY (mm/day)
*
	
PJ4D= DEPTH OF MOISTURE EXTRACTION (nun)
*
	
AND1= DEPTH MOISTURE EXTRACTION(AVERAGE)(xnm/day)
*
	
AN = SANE AS A
*
	
B =SANEASA
*
	
Bl = SANE AS Al
*
	
B2 = SANE AS Al
*
	
B3 = SANE SA Al
*
	
D = TENSIOMBTER DEEPTHS INCLUDING ZERO FOR SURFACE
*
	
AND WATER TABLE DEPTH (cm)
*
	
DD = DIFFERENCE OF DEPTH (cm) FOR CALCULATING AND
*
	
AND AMD1.
*
	
DH = DIFFERENCE OF SUCTION HEAD (cm)
*
	
DTHETA = VOLUMETRIC MOISTURE EXTRACTION IN SPECIFIC
*
	
INTERVAL USED
*
	
DZ = DIFFERENCE OF GRAVITATIONAL HEAD (cm)
*
	
GMH = GEOMETRIC MEAN OF MATRIC SUCTION (cm)
*
	
H	 SOIL MATRIC SUCTION HEAD (cm)
*
	
H(K,L)= SUCTION HEAD WITH RESPECT TO LAYER AND TINE
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*	 IT = DAY OF OBSERVATIONS (day)
*	 Q = SOIL MOISTURE FLUX (nun/day)
*	 Qi = SOIL MOISTURE FLUX OR FLUX FROM WATER TABLE (mm/day)
*	 RD = ROOT DENSITY [cm(root)/cm3(soil)J
*	 RI = ROOT INFLOW RATE[cm3(water)/cm(root)/day]
*	 S = SINK TERM (nun/day)
*	 SQRT = SQUARE ROOT OF SUCTION HEAD
*	 THETA = VOLU}IETRIC MOISTURE CONTENT (cm3
 cm3)
PROGRAM MAIN
DIMENSION D(50),IT(50),H(50,50),THETA(50,50),GMH(50,50),
*AK (50 , 50) ,S (50, 50) , DTHETA (50, 50) ,DD (50)
*AND(50,50),Q1(50,50) ,Q(50,50) ,RI(50,50),
*DZ(50) ,DH(50,50) ,AMD1(50,50) ,RD(50)
READ(5 ,lo)A,B,A1 ,B1 ,A2 ,B2,A3,B3,AN
10 FORMAT(9F8.3)
*
DO 100 1=1,6
READ(5,15) D(I)
15 FORMAT(F1O.3)
100 CONTINUE
*
DO 105 J=1,24
READ(5 , 20)IT(J)
20 FORI'IAT(2X,13)
105 CONTINUE
*
DO 91 N=1,4
READ (5 , 55) RD (N)
55 FORNAT(F10.2)
91 CONTINUE
*	
READ(5,25)((H(K,L),L1,24),15)
25 FORMAT(6F10.3)
*
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**
WRITE(6, 29)
29 FORMAT(' 'I' ',2X,'DAY',8X,'THETA')
DO 120 K=1,5
DO 125 L=124
IF (H(K,L).GE.3165.o)Go TO 501
IF (H(K,L).GT.25.o)Go TO 502
IF (H(K,L).GT.o.o) THEN
THETA(K,L)=B3-ALOG(H(K,L))/A3
ELSE
THETA (K, L) =0 415
END IF
GO TO 504
502 THETA(K,L)=B2-ALOG(H(K,L))/A2
GO TO 504
501 THETA(K,L)=B1-ALOG(H(K,L))/A1
504 WFtITE(6,30)IT(L) ,THETA(K,L)
30 FORNAT(2X,13,5X,F10.5)
125 CONTINUE
120 CONTINUE
WRITE(6,32)
32 FORMAT(' 'I' ',2X,'DAY',4X,'D',7X,'AND',7X,'AND1')
DO 130 1=1,5
DD(I)=D(I+1)-D(I)
DO 135 J=1,23
DTHETA(I ,J) =THETA(I ,J)-THETA(I ,J+1)
IF(THETA(I,J) .LE.0.109)THEN
AMD(I,J)=0.0
ELSE
AND(I,J)=DD(I)*DTHETA(I,J)*10.0
ENDIF
AMD1(I,J)=AMD(I,J)/(IT(J+1)-IT(J))
WRITE(6,40)IT(J+1) ,D(I+1) ,AMD(I,J) ,AND1(I,J)
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**
40 FORMAT(2X,13,2X,F5.2,2F10.5)
135 CONTINUE
130 CONTINUE
WRITE(6,34)
34 FORMAT(/3X,'DAY',2X,'D',5X,'DZ',1OX,'DH',1OX,
'GM' ,9X, 'K' ,8X, 'q')
N= 5
DO 140 J=1,24
DO 145 I=1,N-1
IF(I.LT.4)THEN
GMH(I,J)=SQRT(H(I,J)*H(I+1 ,J))
ELSE
GMH(I,J)=(H(I,J)+H(I+1,J))/2.0
END IF
AK(I,J)=10 .0*A/(B^GNH(I,J)**AN)
DZ(I+1)=D(I+2)-D(I+1)
DH(I,J)=H(I,J)-H(I+1,J)
Q(I,J)=AK(I,J)*((DH(I,J)/Dz(I+1)-1 .0))
IF (q(I,J).GT.o.o)mEN
WRITE(6,45)IT(J) ,D(I+1) ,Dz(I+1) ,DH(I,J),
GMH(I,J) ,AK(I,J) ,q(i,J)
ELSE
WRITE(6,46)IT(J) ,D(I+1) ,DZ(I+1) ,DH(I,J),
GMH(I,J) ,AK(I,J)
ENDIF
45 FORMAT(2X,13,2X,F5.2,1X,F5.2,F12.2,F12.2,
2X,F10.8,2X,F10.8)
46 FORMAT(2X,I3,2X,F5.2,1X,F5.2,F12.2,F12.2,2X,F10.8)
145 CONTINUE
140 CONTINUE
WRITE (6 , 4)
4	 FORMAT(/3X,'DAY',4X,'D',1OX,'H',1OX,'Q',9X,'Q1')
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DO 137 J=1,24
DO 138 1=1,4
IF(H(I,J) .GE.15000.00)THEN
qi(i,J)=o.o
ELSE
ql(I,J)=q(I,J)
END IF
WRITE(6,139)IT(J) ,D(I+1) ,H(I,J) ,q(i,J) ,q1(I,J)
139 FORMAT(2X,13,2X,F5.2,2X,F12.2,2X,F10.8,2X,F1O.8)
138 CONTINUE
137 CONTINUE
*
WRITE(6,31)
31 FORMAT(' 'I' ',2X,'DAY',4X,'D',6X,'AND1',6X,'Q1',8X,'S')
*	 CAPILLARY FLUXES FROM WATER TABLE ON DAILY BASIS (nini/day)
READ(5,57)(Q1(5,M) ,M=1,24)
57 FOFtMAT(6F10.3)
*
DO 160 11=5,23
DO 155 L=1,4
IF(L.EQ.1.AND.Q1(L+1,M) .LE.0.0)GO TO 101
IF(L.EQ.1.AND.Q1(L+1,M) .GT.0.0)GO TO 102
S(L,M)=ql(L+1,M)-q1(L-1,M)-i-AMD1(L,M-1)
GO TO 103
102
	
s(L,M)=q1(L+1 ,N)+AMD1(L,N-1)
GO TO 103
101
	
s(L,N)=AND1(L,M-1)
103
	
IF(Q1(L,N) .GE.0.0.AND.S(L,M) .GT.0.0)THEN
WRITE(6,50)IT(N) ,D(L+1) ,Mrnl(L,M-1) ,q1(L,N) ,s(L,M)
EL SE
WRITE(6,51)IT(M),D(L+1),AND1(L,M-1),Q1(L,M)
50 FORMAT(2X,13,2X,F5.2,3F10.5)
51 FORMAT(2X,I3,2X,F5.2,2F10.5)
ENDIF
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*155 CONTINUE
160 CONTINUE
WRITE(6 ,42)
42 FORMAT(' 'I' ',2X,'DAY',4X,'D',7X,'RI')
DO 165 M=5,23
DO 170 L=1,4
IF(S(L,M) .GT.0.0)THEN
RI(L,M)=0.067*(S(L,N)/(RD(L)*10.0))
WRITE(6,180)IT(M) ,D(L+1) ,rtl(L,N)
ELSE
WRITE(6,200)IT(M) ,D(L+1)
180 FORMAT(2X,13,2X,F5.2,F10.5)
200 FORMAT(2X,13,2X,F5.2)
END IF
170 CONTINUE
165 CONTINUE
RETURN
END
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